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Abstract
Planetary nebulae constitute the near-end stages of low-to-intermediate-mass stars, when their ejected
envelopes of gas and dust become ionized by their unveiled stellar cores. As essential components
of our understanding of late-stage stellar evolution and the enrichment of the interstellar medium
in the products of stellar nucleosynthesis, planetary nebulae serve as laboratories for the study of
plasma physics and shock processes in astrophysical environments. While known mainly for their
optical emission lines and high ionization states due to high-energy radiation from their hot central
stars, certain planetary nebulae also contain large masses of molecular gas and dust that surround or
even lie embedded within their ionized interiors. The resulting regions of photoionization and pho-
todissociation thus represent geometrically straightforward analogues for highly complex or poorly
resolved systems, such as protoplanetary disks, cold cloud cores, and active galactic nuclei. The
abundance of emission features in the radio-wavelength spectra of planetary nebulae enables state-
of-the-art single-dish radio telescopes and interferometers to obtain high-quality measurements of the
molecular chemistry present in the ejected gas. Ultimately, the stellar ejecta that constitute planetary
nebulae are incorporated into the next generation of stars and planetary systems such that, by studying
this material, we strive to understand the origins of our solar system and even life itself.
Through radio molecular line observations carried out with the 30 m telescope and interferometer
operated by the Institut de Radioastronomie Millimétrique (IRAM), as well as the Atacama Large
Millimeter Array (ALMA), we seek to explore and identify the role that UV and X-ray irradiation
plays in driving the molecular chemistry within the envelopes of planetary nebulae. In our 30 m
survey of nine nearby planetary nebulae, we have made new detections of molecular species in four
objects, and established an anticorrelation between the HNC/HCN line intensity ratio and central star
UV luminosity that suggests this high-energy radiation continues to drive the chemistry within PNe
as they age. Our detailed studies of the nearby, bright NGC 7293 and NGC 7027 probe deeper into
the relationships between central star high-energy radiation fields and molecular chemistry. Radiative
transfer codes have been applied to model the dense globule structures in NGC 7293, and comparisons
of these models to our IRAM 30 m and APEX 12 m observations suggest that, in addition to gradients
i
in UV irradiation, gradients in gas pressure and density may be required to explain the observed
variations in HNC/HCN. We further investigate the spatial gradients of this and other emission line
diagnostics within individual parcels of molecular gas with arcsecond-resolution ALMA spectral line
mapping of two prominent globules in NGC 7293. Finally, we present NOEMA interferometric maps
of NGC 7027 in the molecular ions CO+, which is imaged for the first time in any planetary nebula,
and HCO+. Via comparison with archival near-IR H2 imaging, we diagnose the chemical pathways,
and in particular the dependence on UV and X-ray irradiation, that drives production of CO+ and





List of Figures vii
List of Tables xi
1 Introduction 1
1.1 Observational History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Background on Stellar Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Formation of Planetary Nebulae . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Radio Telescopes and Interferometers . . . . . . . . . . . . . . . . . . . . . . . . . 7
2 A New Radio Molecular Line Survey of Planetary Nebulae: HNC/HCN as a Diagnostic
of Ultraviolet Irradiation 13
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2 Observations and Data Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3 Results and Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.1 Molecular Line Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.2 Survey Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.3.3 Individual Planetary Nebulae . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
iii
2.4.1 HNC/HCN Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.4.2 Diagnostic of X-irradiated Gas . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.4.3 CO+ and N2H+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3 Sampling Molecular Gas in the Helix Planetary Nebula: Variation in HNC/HCN with
UV Flux 55
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.2 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.2.1 IRAM 30m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.2.2 APEX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.2.3 Data Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.3.1 Line Detections and Properties . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.3.2 Mapping the Globules in CO . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.4 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.4.1 HNC/HCN in the Helix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.4.2 Variation of HCO+ with Radius . . . . . . . . . . . . . . . . . . . . . . . . 72
3.5 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.5.1 HCN and HNC Column Densities . . . . . . . . . . . . . . . . . . . . . . . 75
3.5.2 PDR Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.5.3 Comparison of RADEX and PDR Model Results . . . . . . . . . . . . . . . 82
3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.7 Appendix: Additional Tables and Figures . . . . . . . . . . . . . . . . . . . . . . . 85
4 CO+, HCO+ Imaging and Outflows: Mapping NGC 7027 in New Light 97
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4.1.1 Molecular Chemistry of Highly Irradiated Environments . . . . . . . . . . . 100
4.2 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
iv
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.4 Analysis and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.4.1 CO+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
4.4.2 HCO+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.4.3 Multipolar Jets Traced by HCO+ . . . . . . . . . . . . . . . . . . . . . . . . 109
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
5 1–3 mm Spectroscopic Imaging of the Helix Nebula Globules B and C with ALMA 113
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
5.2 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
5.3 Results and Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.3.1 Globule B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.3.2 Globule C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
5.4.1 HNC/HCN Gradient in the Globules . . . . . . . . . . . . . . . . . . . . . . 122
5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
6 Summary and Outlook 127
6.1 Summary of Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
6.2 Extensions of Current Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
6.2.1 Further Molecular Analysis of the Helix Globules with ALMA . . . . . . . . 129
6.2.2 A More Comprehensive Mapping of NGC 7027 with NOEMA . . . . . . . . 129
6.2.3 Comprehensive Imaging Surveys of NGC 7027, NGC 6320 with HST . . . . 130
6.2.4 SMA Observations of NGC 7027 . . . . . . . . . . . . . . . . . . . . . . . 131
6.3 Future Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
6.3.1 Exploring Irradiation Tracers in Additional PNe . . . . . . . . . . . . . . . . 134
6.3.2 Mapping O-Rich NGC 6302 with ALMA . . . . . . . . . . . . . . . . . . . 135





1.1 Stellar Origins of Periodic Elements . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 The Photon-Dominated Region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 Patterns of Interference with Increased Interferometer Baselines . . . . . . . . . . . 10
2.1 3o m Beam Size toward PNe in Line Survey . . . . . . . . . . . . . . . . . . . . . . 17
2.2 NGC 7027 Spectral Lines of Neutral Molecules . . . . . . . . . . . . . . . . . . . . 26
2.3 NGC 7027 Spectral Lines of Molecular Ions . . . . . . . . . . . . . . . . . . . . . . 27
2.4 NGC 7027 Spectral Features in CO and HCO+ . . . . . . . . . . . . . . . . . . . . 29
2.5 Hydrogen Recombination Lines in NGC 7027 and BD+30 . . . . . . . . . . . . . . 31
2.6 NGC 6720 Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.7 NGC 6720 Rim Position Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . 33
2.8 NGC 7293 Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.9 NGC 6781 Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.10 BD+303639 Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.11 NGC 6445 Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.12 NGC 7008 Tentative Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.13 NGC 6853 Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.14 NGC 6772 Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.15 HNC/HCN versus CSPN UV Luminosity . . . . . . . . . . . . . . . . . . . . . . . 48
2.16 HNC/HCN versus PN Age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.17 HCO+/13CO versus Central Star Luminosity . . . . . . . . . . . . . . . . . . . . . . 51
vii
3.1 Helix Nebula Map and Spectra of Observed Positions . . . . . . . . . . . . . . . . . 60
3.2 APEX Spectra of the Helix Nebula . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.3 HNC, HCN versus Distance from the Helix CSPN . . . . . . . . . . . . . . . . . . . 70
3.4 HNC/HCN versus UV Flux towards the Helix and Nebulae from Literature . . . . . 73
3.5 HCO+ versus Distance from the Helix CSPN . . . . . . . . . . . . . . . . . . . . . 74
3.6 RADEX Models of Globule B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.7 RADEX HNC/HCN Column Density . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.8 Meudon PDR Models of a Gas Slab . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.9 Meudon HNC/HCN Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
A.1 5-Point CO Maps of Globule A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
A.2 5-Point CO Maps of Globule B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
A.3 5-Point CO Maps of Globule C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
A.4 Additional Helix Nebula Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . 95
4.1 NGC 7027 Channel Maps with NOEMA . . . . . . . . . . . . . . . . . . . . . . . . 103
4.2 NGC 7027 Moment 0 Images of CO+ and HCO+ . . . . . . . . . . . . . . . . . . . 104
4.3 NGC 7027 Continuum Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.4 NGC 7027 CO+ Map with H2, HCO+ Contours . . . . . . . . . . . . . . . . . . . . 106
4.5 NGC 7027 Axis Cuts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
4.6 NGC 7027 Outflow Features in HCO+ . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.1 Observations towards Helix Globule C Over Time . . . . . . . . . . . . . . . . . . . 116
5.2 ALMA Globule B Moment 0 Images of Detected Molecules . . . . . . . . . . . . . 119
5.3 ALMA Globule C Moment 0 Images of Detected Molecules . . . . . . . . . . . . . 121
5.4 HCO+ Velocity Channels Toward Globules B and C . . . . . . . . . . . . . . . . . . 122
5.5 12CO/13CO and HNC/HCN in Globule B . . . . . . . . . . . . . . . . . . . . . . . . 123
5.6 12CO/13CO and HNC/HCN in Globule C . . . . . . . . . . . . . . . . . . . . . . . . 123
5.7 Globule Spline Fits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
6.1 NGC 7027 and NGC 6302 with WFC3 . . . . . . . . . . . . . . . . . . . . . . . . . 131
viii
6.2 NGC 7027 CO Rings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133




1.1 Molecules Identified in Planetary Nebulaea . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Summary of Physical Data for Observed PNe and their Central Stars . . . . . . . . . 16
2.2 Radiative Properties of PNe1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3 Observed Positions and Integration Times . . . . . . . . . . . . . . . . . . . . . . . 19
2.4 Molecular Transitions Detected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.5 PNe Previously Surveyed in Molecular Lines . . . . . . . . . . . . . . . . . . . . . 20
2.6 PNe Not Previously Surveyed in Molecular Lines . . . . . . . . . . . . . . . . . . . 22
2.7 HNC/HCN Integrated Line Intensity Ratios . . . . . . . . . . . . . . . . . . . . . . 45
3.1 Observed Positions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.2 Molecular Transitions Detected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.3 PNe used to compute HNC/HCN ratio . . . . . . . . . . . . . . . . . . . . . . . . . 71
A.1 Helix Spectral Line Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
A.1 Helix Spectral Line Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
A.1 Helix Spectral Line Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
A.1 Helix Spectral Line Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
A.1 Helix Spectral Line Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
A.2 Additional Helix Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
A.2 Additional Helix Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
A.2 Additional Helix Spectral Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
xi
5.1 Observed Positions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120





“ ...une nébuleuse très sombre, mais parfaitement dessinée, aussi grande que Jupiter et qui
ressemble à une planète en train de disparaître."
“...it is very dim, but with a sharp boundary; it is as large as Jupiter and resembles a planet
which is fading away." (translated)
— Antoine Darquier de Pellepoix, first sight of NGC 6720 on February 1779
Planetary nebulae (PNe) arise from outflowing stellar mass during the late evolutionary stages of
low-to-intermediate-mass stars (∼0.8-8.0 M). These stars represent a significant population in the
Galaxy [1, 2], and produce many of the heavy elements in the Universe that will in time form new
stars and planetary systems (Figure 1.1). For many PNe, the outflow of material provides a sufficiently
cool environments for molecular gas and dust to thrive, where the photon-dominated regions provide
densities high enough to shield from the extreme ionizing radiation that would otherwise dissociate
any chemical bonds [3]. While such regions are found in other astrophysical environments, PNe offer
proximity and simplicity in structure that allows for ease of study.
We aim to harness the photon-driven chemistry in PNe to identify how Ultraviolet photons and
X-rays alter the molecular structure of expanding envelopes, as such processes affect the materials
available for future stellar systems. In pursuit of this goal, we have performed a series of radio single-
dish and interferometry observations to measure the molecular line emission from nearby, known PNe
in order to determine whether and how their molecular gas composition are related to their high-energy
1
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radiation output. The radio spectroscopic and imaging observations that have been carried out here
will help provide answers to the complex question: what drives PN chemical evolution?
1.1 Observational History
The first recorded PN observation was made by Charles Messier in 1764, though he did not classify
the object at the time. In 1779, English astronomer William Herschel and French astronomer Antoine
Darquier independently discovered the Ring Nebula, but again the resolving power of their telescopes
left them to define it only as “a dull nebula" and “of a planetary nature" [4, 5]. It was not until William
Herschel detected the small bluish-green disks of the object that has come to be known as the Cat’s
Eye Nebula in 1786, that he classified the type as ‘planetary nebulae’, for they resembled the planet
Uranus that he had recently discovered [6].
It was not until 1864 that William Huggins identified the first emission lines in the spectrum of the
Cat’s Eye and began the study of PNe as an independent field of astrophysics. Research progressed to
identify and map optical lines (Hα, Hei, [Oiii]) from bright sources [7]. Detection of the first molecule
in any PN occurred in 1975 with CO [8]. Due to its large abundance and low critical density of
excitation, CO is the most commonly observed molecular species found in PN [9]. Infrared lines of H2
are also observed from certain PNe; the presence of H2-emitting regions correlates strongly with the
presence of axisymmetric PN structures (see next paragraph) and indicates an origin in a more massive
progenitor star (>1.5M) [10]. Along with CO, H2 emission lines have become a commonplace probe
into these shells of ejected mass [11, 12, 13, 9, and references therein].
Numerous attempts at a classification scheme for PNe have been made in the past, often founded
on the observed structure of the nebula. ‘Round’ PNe are designated for their circularly symmetric
nature. One theory poses that interactions between the thermally-induced ram pressure that com-
prises fast winds and the slower winds upstream create the observed expanding bubble of bright gas
surrounding a hot central cavity [14]. There also exist elliptical PNe, where one axis expands more
rapidly than the other. PNe with axial or point symmetry about the stellar plane in the form of two
lobes or components are referred to as ‘bipolar’. Theories that a dense torus of circumstellar material,
possibly the remnant of a binary merger or tidal interactions with nearby gas, shapes the outflowing
2 1.1. Observational History
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wind into opposing lobes [15] have been hotly debated as improved observations revealed the ex-
istence of PNe with multiple lobes, each with individual symmetries or thin jets, complicating the
assumption of a singular shaping force. Large stellar radii and high rotation rates have been proposed
as another way to form an axial symmetric pair of outflows [16]. Because these features are indica-
tive of higher mass stars closer to the galactic midplane, which have been found to contain larger H2
densities [10], the progenitors of bipolar PNe are likely above 1.5M and yield H2-rich ejecta. Nev-
ertheless, the present thinking remains that the common appearance of such axisymmetric structures
across observed PNe points toward the likelihood that many or most result from interacting binary
systems [17, 18]. In the absence of spectral velocity information, classification of PNe is ultimately
limited by their 2D projections onto the plane of the sky. For example, bipolar or elliptical PNe seen
pole-on may appear round to observers. The shapes of atomic or molecular line profiles are thus only
one component in establishing PN evolution [for a more detailed discussion, read: 17].
Many radio spectroscopy surveys have since been carried out towards the hundreds of detected
PNe in our and other galaxies, growing the library of molecules found within PNe, from simple to
complex polycyclic aromatic hydrocarbons (PAHs) and organic compounds [e.g., 19, 20, 2, 21]. A list
of molecules currently known to reside in PNe is provided in Table 1.1. Analysis of these molecule-
rich envelopes is necessary to provide continuity with the previous stage of stellar evolution, i.e. the
post-AGB stage [1]. An understanding of how the observed abundances arise in cold gas is funda-
mental to the physics of the PN [22]. This also makes PNe valuable tools for generally improving
understanding of astrochemistry in a wide range of astrophysical environments.
1.2 Background on Stellar Evolution
The stars that form planetary nebulae begin their lives along the main sequence, once they have been
able to accrete sufficient mass and contracted to the point where their cores have achieved the densities
and temperatures necessary for fusion. The generally accepted progenitor mass range for these stars
is ∼0.8-8.0 M [1]. Lower mass stars of ≤0.08M also undergo H-burning, but due to their long
lifespans, have yet to reach PN stages, given the age of the Universe (∼13.7 Gyr). At the core of
2http://www.astronomy.ohio-state.edu/~jaj/nucleo/
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Figure 1.1: Periodic Table color-coded to fraction of element formation, as created by Jennifer Johnson
2. The contributions from PNe are marked in yellow.


















































a isotopologues not included [20, 23, 24]
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a known PN progenitor, hydrogen fusion produces helium until there is insufficient photon pressure
to maintain an equilibrium with gravity and the core contracts (1010–108 years for 0.8-8.0 M stars,
respectively). By this stage roughly 90% of the hydrogen has been converted to He. Surrounding the
helium core, the remaining H-envelope cools and expands, producing redder emission that gives this
stellar phase the name Red Giant Branch (RGB). A thin shell of H-burning continues between the
envelope and core until the latter has reestablished sufficient pressure to perform He fusion.
At this stage, stars of initial mass <1.8M will be unable to regulate temperature in their core. The
runaway process depletes the He core into C and O in a He flash, while the cooling H-shell expands
further and becomes more luminous. The star then undergoes a quiescent transition onto the zero-age
Horizontal branch as the core quickly becomes electron degenerate [25]. With the electrons unable
to occupy the same energy state as other electrons, the core cannot be compressed further and the
collapse is halted. For more massive stars, He is ignited without electron degenerate conditions to
form varying amounts of 12C, 16O, and 22Ne through the CNO cycle.
Stars in the aforementioned progenitor mass range (∼0.8-8.0 M) will never develop cores suffi-
ciently massive to ignite C, and the C/O core eventually contracts into electron degeneracy, moving
the star off the RGB and into the Asymptotic Giant Branch (AGB). He shell burning becomes the pri-
mary source of energy production, consuming from the inside out any leftover He until it reaches the
H shell. H is then ignited to produce more He and begins a cycle of burning phases between the shells.
As a burning event ends, the cooling material expands while the core contracts, establishing a convec-
tive mixing process wherein nuclear processed elements from the interior of the star are dredged-up
[26].
During this stage, slow AGB winds, originating in shocks and pulsations and driven by radiation
pressure on dust grains, remove the bulk of the stellar envelope at mass loss rates of 10−7-10−4 M/yr
[27, 1]. Stellar pulsations create additional shock waves that inflate the surface layers, allowing them
to cool and form dust grains in the outer atmosphere [28]. Composition of the ejecta will vary by the
mass of the star, mass of the envelope, and surface temperature of the pulsating core, producing unique
nebular compositions. For stars with sufficiently long H burning phases during the third dredge-
up period (∼4M), CNO-burning converts C into N, leaving a C-poor central star with respect to
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O [29, 30]. Conversely, lower mass AGB progenitors — for which H burning is short, inner shell
temperatures remain insufficient for “hot bottom burning”, and envelope convective activity is efficient
— may become carbon stars, in which C and O at the surface reach a ratio of C/O > 1.0 [31].
The material that is available in the stellar envelope as it is pushed off the core will ultimately
determine the molecular content available to the future PN. For C-stars, leftover C after CO formation
is available to form key radiation tracing molecules: C2H, CN, HCN, and HNC. C-poor stars will
instead use up their supply in CO, leaving O to drive molecular formation (e.g., H2O, OH, and silicate
molecules).
1.3 Formation of Planetary Nebulae
When the AGB envelope depletes to a mass of ∼10−2 M, mass loss ceases and the star progresses to
the post-AGB, and soon after, it becomes the central star of a PN (CSPN). Here, the cold, dusty AGB
envelope is suddenly exposed to the hot (30-200 kK) post-fusion core’s ionizing UV and (in some
cases) X-ray emission, which photodissociates and ionizes the envelope gas. Atoms and molecules
require a range of photon energies for ionization: 13.6 eV (912 Å) for atomic H into Hii, ∼14.0 eV
(886 Å) for CO into CO+, and 11.09 eV (1118 Å) to dissociate CO into C and O [32]. In the region
directly surrounding the central star, established in the final stages of mass loss, gas is fully ionized
due to its low density and its direct interaction with stellar radiation, where cooling line emission
from the ionized gas stabilizes the plasma temperature at ∼104 K [3]. Ions of H and O fluoresce
brightly as collisionally excited lines in the optical regime. Beyond the ionized zone, mass density
rises greatly such that gas is cold and dense enough to remain neutral. This photon-dominated (or
photodissociation) region (PDR) is thus named for the UV photons that continue to influence the gas
chemistry [24]. This newly ionized gas constitutes the PN (Figure 1.2).
Further from the CSPN, stratification occurs in which greater fractions of UV photos encounter
and are absorbed by the molecular gas. The outer edge of the PDR is then defined where no UV
photons are able to penetrate the depth of the nebula. Instead, higher energy photons >0.5 keV are
necessary to reach and ionize the material without being fully absorbed [33]. This X-ray dominated
region (XDR) allows PNe with X-irradiation to drive molecular chemistry deep within the nebula
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through the formation of radicals [34, 35].
Fast winds from the pre-white dwarf star (or its companion) may also slam into the slower moving
ejected envelope, generating shocks that heat plasma to temperatures exceeding ∼106 K [36, and
references therein]. The hot bubbles that form from this wind interaction have been found to be X-
ray-luminous, thereby establishing another ionization mechanism within the PN. Interactions between
the winds that form the bubbles are also thought to continue shaping the nebula throughout its lifetime
[17, 37].
1.4 Radio Telescopes and Interferometers
Radio astronomy was born in 1932 thanks to Karl Jansky, who accidentally detected emission from the
center of the Milky Way galaxy at 20.5 MHz while studying thunderstorms. Since then, astronomers
have utilized radio as another source of spectral emission lines and continuum sources across the
Universe. For the purpose of this thesis, the radio regime is defined to range from 300 MHz to
300GHz (∼1m–1mm), with limits defined only by the opacity of the Earth’s ionosphere.
Radio observatories can be divided into two categories: single-antenna telescopes, and interfer-
ometers. An antenna or aperture telescope collects radiation, which is converted to an electrical signal
by a receiver, and sent to be processed for analysis. Simple radio telescopes take the form of a dipole,
while a parabolic dish and secondary subreflector are used to reflect the signal from a large collecting
area into a feed horn that channels signal wavelength and phase to the receiver (single-dish telescope).
The resolving power of a telescope is defined by the observed wavelength and diameter of the dish,
θ = 1.22λ/D. (1.4.1)
Thus using the Institut de Radioastronomie et Millimetrique (IRAM) 30 m telescope to detect a
source at 3 mm yields a limiting resolution of 20.6′′. The 30 m presently uses heterodyne receivers,
which mix the incoming signal with a locally generated frequency (ν), the local oscillator, to form two
new signals: a higher-ν sum and a lower-ν difference. The intermediate frequency (IF) filter limits
which converted signal frequency passes through, thus stopping noise or signals from off-frequency



















T = 103 K ⇠ 102 K  ⇢ T = 10 K
H+
Figure 1.2: Cartoon of a photon-dominated region, depicting the gradient in temperature and the re-
sulting gradient in atomic and molecular species across opaque gas. Based on Figure 3 of Hollenbach
and Tielens [3].
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lines. Because the local oscillator can be changed, the receiver acts as a variable frequency filter
that provides superior quality and ease of construction than at higher frequencies3. The IF signal is
then sent to the spectrometers, or backend of the telescope, where the signal is cut up and processed
individually. On the 30 m telescope there are 24 fast Fourier Transform spectrometers (FTS) capable
of resolving signal down to 200 kHz across eight different basebands, each 4 GHz wide4.
For this reason, single-dish telescopes comprise some of the biggest telescopes in the world, yet
with the longest wavelengths, still produce resolutions just below that of optical telescopes. Neverthe-
less, receiver and spectrometer technology allow radio dishes to finely resolve and measure emission
lines, along with high velocity doppler resolution capabilities.
Interferometers utilize the combined power of multiple individual antennae with the enhanced
resolution capabilities of constructive interference. Much like the classic double slit experiment, where
light from a single source passes through two apertures to produce patterns of interference on the wall
beyond, a set of parabolic dishes act as the two slits that register the signal and process the combined
pattern of data onto an electronic ‘screen’. As the distances between the light source and each dish
are slightly different, minute offsets in time must be measured with precision to recombine the correct
components of the signal.
The combined emission creates patterns of interference that can identify radiation along the orien-
tation of the two antennae (Figure 1.3, left). The separation between two radio dishes forms a baseline
that acts as the effective diameter of a larger single-dish. Applying this process to multiple telescopes
in different orientations allows astronomers to narrow down the emission source location with greater
precision and obtain better refinement of signal (Figure 1.3, right). An array of n telescopes can pro-
duce up to n(n-1)/2 baselines. The more extended arrays provide better resolution (larger ‘diameter’
(d) enables smaller θ), while more compact arrays allow for better sensitivity of objects that might
be too large or dim. The pattern or number of fringes (m) in the signal are then measured from the
constructive interference pattern, as
dsin(θ) = mλ. (1.4.2)
3http://iram.fr/IRAMFR/IS/IS2002/html_2/chapter5.pdf
4http://www.iram.es/IRAMES/mainWiki/Backends
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2 Telescopes, 1 Baseline
Baselines = n (n - 1) / 2
2 (2 - 1) / 2 = 1
3 Telescopes, 3 Baseline
3 (3 – 1) / 2 = 3
N N
E E
Figure 1.3: Left: Baseline for a pair of antennae and the resulting source image on the sky. Blue
lines represent possible locations of source emission Right: A third antenna is added to create three
baselines, which increases source resolution to only points where the three lines intersect.
Computation of the signal from the array configuration requires Fourier analysis, whereby the





where x represents the spatial coordinate and s represents the respective frequency coordinate.
A Fourier transform takes the function f (x) that represents observed signals from each baseline and
converts it into a combination of sine waves that reproduce the original signal. The output F(s)
contains the same information, only in terms of the Fourier space variable, s. The sine waves from
all baselines are compiled into one source that consists of regions of constructive and destructive
interference. The ‘visibilities’ are then Fourier transformed back into a readable image, which can be
processed and analyzed.
Access to such instrumentation has enabled great strides forward in the detection of molecules in
PNe. The modern NOEMA interferometer has been used to image only one PN: NGC 7027 (Bublitz
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et al., in prep; see Chapter 4). Similarly, ALMA has been pointed towards four PNe since its first
light in 2011, aside from protoPN and postAGB objects [38, 39]. Radio telescopes are therefore an
underutilized and key asset to identifying the complex chemistry going on inside PNe and across the
Universe.
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Chapter 2
A New Radio Molecular Line Survey of
Planetary Nebulae: HNC/HCN as a
Diagnostic of Ultraviolet Irradiation
“ A curious Nebula, or what else to call it I do not know. It is of a shape somewhat oval,
nearly circular, and with this power [460] appears to be 10 or 15′′ diameter...
The brightness in all the powers does not differ so much as if it were of a planetary nature,
but seems to be of the starry kind, tho’ no star is visible with any power. It is all over of
nearly the same brightness. The compound eyepiece will not distinguish it from a fixt star,
at least not sensibly. "
— William Herschel, observing NGC 7009 for the first time, 7 September, 1782
The following Chapter was originally published as [“A New Radio Molecular Line Survey of Plan-
etary Nebulae: HNC/HCN as a Diagnostic of Ultraviolet Irradiation”, J. Bublitz, J. H. Kastner, M.
Santander-García, V. Bujarrabal, J. Alcolea, and R. Montez Jr., Astronomy& Astrophysics, 625:A101,
April 2019] [40]
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Certain planetary nebulae contain shells, filaments, or globules of cold gas and dust whose heating
and chemistry are likely driven by UV and X-ray emission from their central stars and from wind-
collision-generated shocks. We present the results of a survey of molecular line emission in the 88-
236 GHz range from nine nearby (<1.5 kpc) planetary nebulae spanning a range of UV and X-ray
luminosities, using the 30 m telescope of the Institut de Radioastronomie Millimétrique. Rotational
transitions of thirteen molecules, including CO isotopologues and chemically important trace species,
were observed and the results compared with and augmented by previous studies of molecular gas
in PNe. Lines of the molecules HCO+, HNC, HCN, and CN, which were detected in most objects,
represent new detections for five planetary nebulae in our study. Specifically, we present the first
detections of 13CO (1-0, 2-1), HCO+, CN, HCN, and HNC in NGC 6445; HCO+ in BD+30◦3639;
13CO (2-1), CN, HCN, and HNC in NGC 6853; and 13CO (2-1) and CN in NGC 6772. Flux ratios were
analyzed to identify correlations between the central star and/or nebular UV and X-ray luminosities
and the molecular chemistries of the nebulae. This analysis reveals a surprisingly robust dependence
of the HNC/HCN line ratio on PN central star UV luminosity. There exists no such clear correlation
between PN X-rays and various diagnostics of PN molecular chemistry. The correlation between
HNC/HCN ratio and central star UV luminosity demonstrates the potential of molecular emission line
studies of PNe for improving our understanding of the role that high-energy radiation plays in the
heating and chemistry of photodissociation regions.
2.1 Introduction
Planetary nebulae (PNe) arise from outflowing stellar mass during the late evolutionary stages of
intermediate-mass stars (∼0.8-8.0 M). These stars represent a significant stellar population in the
Galaxy [1, 2]. They progress through the main sequence and red giant branch (RGB) evolutionary
phases, where core H and He fusion occur respectively, into the shell-burning asymptotic giant branch
(AGB) phase. Once the star arrives there, slow AGB winds, originating in shocks and pulsations
and driven by radiation pressure on dust, remove the bulk of the stellar envelope at mass loss rates
of 10−7-10−4 M/yr [27, 1]. The presence of a close companion star can accelerate and otherwise
profoundly affect this mass-loss process and the evolution of the resulting envelope [e.g., 41, and
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references therein].
When the AGB envelope depletes to a mass of ∼10−2 M, mass loss ceases and the star progresses
to the post-AGB, and soon after, it becomes the central star of a PN (CSPN). Here, the cold, dusty
AGB envelope is suddenly exposed to the hot (30-200 kK) post-fusion core’s ionizing UV and (in some
cases) X-ray emission, which photodissociates and ionizes the envelope gas. This newly ionized gas
constitutes the PN. Fast winds from the pre-white dwarf star (or its companion) may also slam into the
slower moving ejected envelope, generating shocks that heat plasma to temperatures exceeding ∼106
K [36, and references therein]. Hot bubbles that form from this wind interaction have been found
to be X-ray-luminous, thereby producing another ionization mechanism within the PN. Interactions
from the winds that form the bubbles are also thought to continue shaping the nebula throughout its
lifetime [17, 37]. Atomic gas and dust within the nebula limit the penetration depth of incident UV
photons from the CSPN, leaving the outer layers of the nebula insulated from them. Only higher
energy (X-ray) photons, >0.5 keV, can penetrate the dense, neutral gas of the PN to ionize the cold,
molecule-rich outer shells [33].
Millimeter CO and infrared H2 lines gave the first view of PN molecular gas 3 decades ago and
have remained commonplace probes into the shells of ejected mass since [11, 12, 13, 9, and references
therein]. Due to its high abundance, low excitation requirements and the low critical densities of its
rotational transitions, CO is the most commonly observed and more widely reliable molecular species
found in PNe [9]. Infrared lines of H2 are also observed from PNe, with detections of H2 mainly
confined to bipolar (axisymmetric) nebulae [10, 11, and references therein]. The complex interplay of
PN central star radiation and composition of the proto-PN produce a rich environment for molecular
chemistry that has served as motivation for various radio molecular line surveys [e.g., 19, 20, 2, 21].
Whereas the foregoing surveys were largely restricted to well-studied objects, the recent molecular
line surveys of [42, 43, 44] extended the PN sample coverage to younger objects.
In this paper we present molecular line surveys of nine PNe, obtained with the Institut de Radioas-
tronomie Millimétrique 30 m telescope within the frequency range 88-236 GHz. These observations
were specifically intended to explore the utility of potential tracers of high-energy irradiation of molec-
ular gas. We report new detections of molecules and/or molecular transitions in five of these PNe, and
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Table 2.1: Summary of Physical Data for Observed PNe and their Central Stars
Name Morphology1 Angular D R Age Ionized PN CSPN T? MassCS Refs.3
(F08/SMV11) Radius2 (′′) (kpc) (pc) (103 yr) Mass (M) sp type (kK) (M)
BD+303639 Er/Ecsarh 4 1.52 0.02 0.8 0.01 [WC9] 32 0.58 a, b, c
NGC 7027 Bs/Mctspih 14 0.92 0.03 0.7 0.05 ... 175 0.67 c, d
NGC 6445 Bs/Mpi 17 1.38 0.14 5.3 0.18 ... 170 0.64 e, f, c
NGC 7008 Efp/Bs 43 0.97 0.15 5.7 0.08 O(H) 97 0.55 a, g, c
NGC 6720 (M57) Ebmr(h)/Ecsh 35 0.70 0.13 7.0 0.09 hgO(H) 112 0.66 a, h
NGC 6853 (M27) Ebm(h)/Bbpih 49 0.38 0.37 10.0 0.41 DAO 114 0.63 a, i, j
NGC 6772 Ep/E 32 1.27 0.22 10.9 0.17 ... 135 0.64 e, k, c
NGC 7293 Bams(h)/Ltspir 402 0.20 0.46 16.3 0.35 DAO 107 0.63 i, k, a
NGC 6781 Bam(h:)/Bth 53 0.95 0.32 20.0 0.44 DAO 112 0.57 a, l, c
1. Morphology descriptions as defined in [45](F08); a: asymmetry present, B: bipolar, b: bipolar core,
E: elliptical, f: filled amorphous center, (h): distinct outer halo, m: multiple shells, p: point symmetry
present, r: dominant ring structure, s: internal structure.
Morphology description modified slightly from [46](SMV11); a: ansae, B: bipolar, c: closed outer
lobes, E: elongated, h: halo, i: inner bubble, L: collimated lobe pair, M: multipolar, p: point
symmetry, r: radial rays, s: CSPN apparent, t: bright central toroidal structure.
2. Angular radii estimated using DSS data.
3. References for PN data: a: [47], b: [48], c: [36], d: [49], e: [50], f: [51], g: [52], h: [53], i: [54], j:
[55], k: [56], l: [57]
place these results in the context of previously reported PN molecular line detections and measure-
ments. We then evaluate the integrated flux ratios of observed molecular lines to study correlations
between the molecular chemistry and high-energy radiation properties of the CSPNe. Specifically, we
strive to find tracers of non-LTE chemistry due to X-irradiation of molecular gas and the effects of
CSPN UV emission on the photodissociation regions (PDR) within PNe.
2.2 Observations and Data Reduction
The sample of nine PNe studied here were selected from the larger Chandra Planetary Nebula Survey
PN sample [36, 58]. The ChanPlaNs survey targeted 35 objects within 1.5 kpc of Earth with the aim to
identify and categorize PN X-ray emission, so as to understand the mechanisms giving rise to X-rays
within PNe (Kastner et al. 2012). The ChanPlaNS survey mostly included high-excitation PNe and
yielded X-ray detections from central star (point-like) and nebular (diffuse) X-ray sources.
We selected those ChanPlaNS PNe accessible to the IRAM 30 m telescope that had previously
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Figure 2.1: POSS II images for seven of the nine PNe observed in our study, with HST NICMOS
images for BD+30 and NGC 7027. Circles illustrate beam diameter (half-power beam width) of the
telescope and the position observed, where 12CO (1-0) and 12CO (2-1) were chosen to represent the
range in beam size across frequency (red circle and blue circle, respectively). North is up, East is to
the left in each frame.
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Table 2.2: Radiative Properties of PNe1
Name LUV X-Ray LX Emedian
log(ergs s−1) Source2 log(ergs s−1) (keV)
BD+303639 37.23 D 32.20 0.74
NGC 7027 37.47 D 32.11 0.97
NGC 6445 36.57 P 30.10 1.04
NGC 7008 36.72 P 29.48 0.85
NGC 6720 36.18 N ≤28.61 ...
NGC 6853 36.09 P 29.15 0.18
NGC 6772 36.01 N ≤28.90 ...
NGC 7293 35.55 P 29.94 0.89
NGC 6781 36.15 N ≤28.70 ...
1 PN data obtained from [34] unless otherwise specified. X-Ray sources and median X-ray photon
energies (Emedian) from [36], except NGC 7027 and BD+30 from [34]. Upper limit X-ray luminosities
for non-detections by Montez Jr. (unpublished).
2 P = point-like, D = diffuse, N = non-detection
been detected1 in CO and/or H2. Physical properties of these nine PNe and their central stars are listed
in Table 2.1. These properties include the morphology, angular radius in arcsec, distance, average
radius, age, and ionized mass of each PN, along with the spectral type, temperature, and mass of the
CSPN as compiled from the literature. The ultraviolet luminosity, X-ray luminosity, median energy of
emission, and X-ray source properties for each of the planetaries are listed in Table 2.2.
Data were collected for the nine listed PNe during an observing run on the IRAM 30 m telescope
on Pico Veleta from 5th to 10th June, 2012. The positions for each targeted PN are listed in Table
3.1 and illustrated in Figure 2.1. The observations were either centered on the PN central stars or the
nebular rims; we obtained observations at two positions within NGC 6720, one toward the central star
and one toward the rim. Frequencies in the regime of 88 GHz to 236 GHz were chosen to target key
molecules for tracing chemistry. The molecular transitions detected during the course of the survey
are listed in Table 2.4.
We used the Eight MIxer Receiver (EMIR), which is able to observe simultaneously in the 1 mm
and 3 mm bands. Dual polarization mode was used whenever each specific frequency setting made it
possible, and the lines from the two polarizations were averaged after checking that their intensities
were compatible. We recorded the data with the FTS200 backend, providing a resolution of 200 kHz,
1The lone exception, NGC 7008, was included in this survey due to its large X-ray luminosity.
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Table 2.3: Observed Positions and Integration Times
Source α (J2000.0) δ (J2000.0) Representative
Integration Time (hrs)
BD+303639 19h34m45.23s 30◦30′58.90′′ 5.76
NGC 7027 21h07m1.59s 42◦14′10.20′′ 2.56
NGC 6445 17h49m15.21s -20◦00′34.50′′ 6.98
NGC 7008 21h00m34.36s 54◦33′17.20′′ 4.11
NGC 6720 18h53m35.08s 33◦01′45.03′′ 2.98
NGC 6720 Rim 18h53m31.90s 33◦01′25.00′′ 2.98
NGC 6853 19h59m36.38s 22◦43′15.80′′ 11.01
NGC 6772 19h14m36.37s -2◦42′55.00′′ 6.89
NGC 7293 22h29m7.50s -20◦48′58.60′′ 7.79
NGC 6781 19h18m27.42s 6◦31′29.30′′ 5.43
Integration times sampled from HCN, HCO+, and HNC spectral region observations for each PN.
which translates into velocity resolutions of ∼0.5 and ∼0.25 km s−1 in the 88 and 236 GHz regimes,
respectively, and a sufficient coverage of the lines listed above.
The beam sizes (Half Power Beam Widths) and beam efficiencies for the telescope ranged from
10.4" and 0.60, respectively, for the CO+ lines at 236 GHz to 27.8" and 0.80, respectively, for the
HCN line at 88.6 GHz. Saturn and Mars were used to focus the telescope, and pointing errors were
corrected to an accuracy of ∼3” by performing frequent measurements of nearby pointing calibrators
(namely quasars such as QSO B1730-130 and QSO J0854+2006, but also Neptune, the ionized region
K3-50A, and the planetary nebula NGC 7027). The subreflector was wobbled with a throw of 120′′
every 2 seconds to provide stable and flat baselines. The data were calibrated in units of main-beam
temperature, Tmb by frequent (15-20 min) calibration scans using the chopper wheel method. The Tmb
values so obtained were then re-scaled using sources with stable, well-known fluxes (CW Leo and
NGC 7027). The estimated flux calibration accuracy is about 20%.
Integration times varied from an hour for 13CO lines to 6 hours for HCN, HCO+, and HNC. Rep-
resentative integration times are listed in Table 3.1. Weak lines were observed for significantly longer
durations, up to 33 hours. System temperatures ranged between 102.4 K and 445.9 K, depending on
the band and weather conditions.
Scan averaging and baseline subtraction of measurements were performed with the line analysis
software available in CLASS and through targeted inspection. Baseline oscillations were observed in
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Table 2.4: Molecular Transitions Detected
Molecule Transition ν (GHz)
CO J = 1→ 0 115.2712018
J = 2→ 1 230.5380000
13CO J = 1→ 0 110.2013543∗
J = 2→ 1 220.3986842∗
C17O J = 1→ 0 112.3587770∗
J = 2→ 1 224.7141870∗
HCN J = 1→ 0 88.6316022∗
HNC J = 1→ 0 90.6635680




N = 2→ 1 226.6595584∗
226.8747813∗
HCO+ J = 1→ 0 89.1885247
N2H+ J = 1→ 0 93.1747000∗
CO+ J = 2→ 1 235.7896410
236.0625530
Values of frequencies of hyperfine transitions obtained from the CDMS database. Line frequencies
were measured in the laboratory by [59], with updated catalog by [60].
Asterisks indicate frequencies representative of hyperfine transition complexes.
some higher frequency spectra, but did not significantly affect measurements of individual molecular
transitions.
2.3 Results and Analysis
2.3.1 Molecular Line Measurements
Table 2.5: PNe Previously Surveyed in Molecular Lines
PNe Species Tmb (σmb)
∫
Tmb dV (σarea) Prev. Work Prev. Work Notes
(K) (K km s−1) Tmb
∫
Tmb dV
NGC 7027 CO (1-0) 9.6 (0.03) 267.0 (0.14) 11.9 (—) 332 (—) a
CO (2-1) 26.2 (0.05) 520.0 (0.15) 30.9 (—) 667 (—) a
13CO (1-0) 0.28 (0.01) 6.68 (0.06) 0.3 (—) 6.4 (0.3) a, b
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13CO (2-1) 0.89 (0.01) 22.4 (0.09) 1.3 (—) 17.3 (0.8) a, b
C17O (1-0) 0.045 (0.031) 1.51 (0.18) — (—) 0.92 (0.12) c
C17O (2-1) 0.268 (0.081) 3.33 (0.354) 0.032 (—) 1.87 (0.08) d, c
CO+ (2-1) 0.05 (0.01) 2.18 (0.11) 0.020 (—) 0.87 (0.13) e
N2H+ (1-0) 0.08 (0.01) 0.640 (0.020) 0.017 (—) 0.35 (—) d
HCO+ (1-0) 1.36 (0.009) 28.1 (0.05) 0.247 (—) 26.5 (0.2) d, b
CN (2-1) 1.47 (0.016) 86.5 (0.12) 0.028 (—) 41.9 (0.6) d, b
CN (1-0) 0.543 (0.038) 6.95 (0.048) — (—) 25.1 (0.4) b
HCN (1-0) 0.35 (0.005) 11.6 (0.03) 0.059 (—) 14.3 (0.4) d, b
HNC (1-0) 0.034 (0.006) 0.309 (0.022) — (—) 1.0 (1.2) b
NGC 6720 CO (1-0) — (—) — (—) 0.047 (0.005) — (—) f
CO (2-1) — (—) — (—) 0.023 (0.004) 20.0 (0.4) f, b
13CO (1-0) — (—) — (—) — (—) 0.27 (0.11) b
13CO (2-1) 0.156 (0.008) 1.30 (0.03) — (—) 0.9 (0.3) b
CO+ (2-1) <0.021 (0.007) <0.11 (0.04) — (—) — (—)
N2H+ (1-0) <0.014 (0.006) <0.012 (0.004) — (—) — (—)
HCO+ (1-0) 0.103 (0.004) 1.760 (0.019) 0.019 (0.002) 0.86 (0.11) f, b
CN (2-1) 0.31 (0.01) 10.10 (0.06) — (—) 4.5 (0.7) b
CN (1-0) — (—) — (—) — (—) 3.9 (0.3) b
HCN (1-0) 0.07 (0.004) 1.83 (0.02) — (—) 3.2 (0.2) b
HNC (1-0) 0.04 (0.004) 0.67 (0.02) — (—) 0.74 (0.10) b
NGC 6720 Rim CO (1-0) — (—) — (—) 0.047 (0.005) — (—) f
CO (2-1) — (—) — (—) 0.023 (0.004) 20.0 (0.4) f, b
13CO (1-0) — (—) — (—) — (—) 0.27 (0.11) b
13CO (2-1) 0.05 (0.01) 0.57 (0.06) — (—) 0.9 (0.3) b
CO+ (2-1) <0.027 (0.009) <0.18 (0.06) — (—) — (—)
N2H+ (1-0) <0.014 (0.006) <0.017 (0.04) — (—) — (—)
HCO+ (1-0) 0.063 (0.005) 1.28 (0.03) 0.019 (0.002) 0.86 (0.11) f, b
CN (2-1) 0.29 (0.01) 11.1 (0.08) — (—) 4.5 (0.7) b
CN (1-0) — (—) — (—) — (—) 3.9 (0.3) b
HCN (1-0) 0.074 (0.005) 2.08 (0.03) — (—) 3.2 (0.2) b
HNC (1-0) 0.027 (0.005) 0.603 (0.027) — (—) 0.74 (0.10) b
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NGC 7293 CO (1-0) 0.66 (0.02) 6.0 (0.06) 0.17 (0.030) — (—) g
CO (2-1) 2.05 (0.06) 12.3 (0.1) 0.40 (0.050) 17.5 (0.7) g, b
13CO (1-0) 0.044 (0.009) 0.096* (0.014) — (—) 0.67 (0.09) b
13CO (2-1) 0.047 (0.006) 0.60 (0.03) — (—) 1.8 (0.2) b
CO+ (2-1) <0.021 (0.007) <0.07 (0.02) — (—) — (—)
N2H+ (1-0) <0.001 (0.004) — (—) — (—) — (—)
HCO+ (1-0) 0.088 (0.044) 1.020 (0.017) 0.04 (0.008) 0.89 (0.10) g, b
CN (2-1) 0.029 (0.009) 0.18 (0.02) — (—) 1.0 (0.2) b
CN (1-0) 0.054 (0.008) 0.629 (0.04) — (—) 2.7 (0.2) b
HCN (1-0) 0.041 (0.003) 0.649 (0.014) — (—) 1.6 (0.2) b
HNC (1-0) 0.038 (0.003) 0.465 (0.013) — (—) 0.80 (0.11) b
NGC 6781 CO (1-0) 1.14 (0.02) 15.3 (0.07) 0.35 (—) — (—) h
CO (2-1) 5.26 (0.05) 49.6 (0.11) — (—) 28.4 (0.6) b
13CO (1-0) 0.049 (0.009) 0.159 (0.016) — (—) 0.32 (0.14) b
13CO (2-1) 0.203 (0.007) 2.21 (0.03) — (—) 1.7 (0.2) b
CO+ (2-1) <0.021 (0.007) <0.09 (0.03) 0.031 (0.008) 0.249 (—) i
N2H+ (1-0) <0.011 (0.003) — (—) — (—) — (—)
HCO+ (1-0) 0.167 (0.003) 3.520 (0.018) — (—) 2.2 (0.2) b
CN (2-1) 0.40 (0.01) 13.2 (0.06) — (—) 4.6 (0.5) b
CN (1-0) 0.317 (0.042) 5.51 (0.33) — (—) 7.0 (0.4) b
HCN (1-0) 0.16 (0.003) 3.83 (0.02) — (—) 2.4 (0.2) b
HNC (1-0) 0.08 (0.003) 1.73 (0.02) — (—) 1.65 (0.15) b
*: Uncertain
a: [61]; b: [19]; c: [62]; d: [20]; e: [24]; f: [2]; g: [27]; h: [63]; i: [64].
Table 2.6: PNe Not Previously Surveyed in Molecular Lines
PNe Species Tmb(σmb)
∫
Tmb dV (σarea) Prev. Work Prev. Work Notes
(K) (K km s−1) Tmb
∫
Tmb dV
BD+30◦3639 CO (1-0) <0.39 (0.13) <2.5 (0.8) — (—) 5.2 (—) a
CO (2-1) <1.2 (0.4) <5.6 (1.8) ≤0.20 (—) 4.7 (—) b, a
13CO (1-0) <0.09 (0.03) <0.57 (0.19) — (—) — (—)
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13CO (2-1) <0.018 (0.006) <0.17 (0.06) — (—) — (—)
CO+ (2-1) <0.018 (0.006) <0.16 (0.05) — (—) — (—)
HCO+ (1-0) 0.029 (0.003) 1.16 (0.02) — (—) — (—)
CN (2-1) <0.027 (0.009) <0.17 (0.06) — (—) — (—)
CN (1-0) <0.1 (0.05) — (—) — (—) — (—)
HCN (1-0) <0.009 (0.003) <0.07 (0.02) — (—) — (—)
HNC (1-0) <0.009 (0.003) <0.06 (0.02) — (—) — (—)
NGC 6445 CO (1-0) 0.23 (0.03) 6.36 (0.14) 0.25 (—) 9.29 (—) c
CO (2-1) 1.24 (0.07) 14.8 (0.17) 0.25 (—) 11.1 (—) d, c
13CO (1-0) 0.03 (0.01) 0.051* (0.014) — (—) — (—)
13CO (2-1) 0.32 (0.006) 0.93 (0.05) — (—) — (—)
CO+ (2-1) <0.021 (0.007) <0.1 (0.03) — (—) — (—)
N2H+ (1-0) 0.006 (0.002) 0.025 (0.007) — (—) — (—)
HCO+ (1-0) 0.052 (0.003) 1.78 (0.02) — (—) — (—)
CN (2-1) 0.257 (0.009) 11.2 (0.06) — (—) — (—)
CN (1-0) 0.362 (0.044) 2.74 (0.21) — (—) — (—)
HCN (1-0) 0.115 (0.003) 4.54 (0.02) — (—) — (—)
HNC (1-0) 0.034 (0.003) 1.12 (0.02) — (—) — (—)
NGC 7008 CO (1-0) 1.15 (0.03) 2.56 (0.04) — (—) — (—)
CO (2-1) 1.64 (0.06) 2.09* (0.05) — (—) — (—)
13CO (1-0) 0.057 (0.009) 0.115* (0.013) — (—) — (—)
13CO (2-1) 0.04* (0.02) 0.55* (0.09) — (—) — (—)
CO+ (2-1) <0.06 (0.02) <0.08 (0.03) — (—) — (—)
N2H+ (1-0) <0.01 (0.006) — (—) — (—) — (—)
HCO+ (1-0) 0.013 (0.005) 0.113 (0.015) <0.004 (—) — (—) e
CN (2-1) <0.06 (0.02) <0.07 (0.02) — (—) — (—)
CN (1-0) <0.016 (0.008) <0.082 (0.025) — (—) — (—)
HCN (1-0) <0.015 (0.005) <0.019 (0.006) <0.006 (—) — (—) e
HNC (1-0) <0.015 (0.005) <0.019 (0.006) — (—) — (—)
NGC 6853 CO (1-0) 0.13 (0.02) 1.41 (0.07) 0.097 (0.012) 1.21 (0.29) f
CO (2-1) 0.36( 0.06) 3.48* (0.14) 0.251 (0.008) 2.49 (0.06) f
13CO (1-0) <0.03 (0.01) <0.09 (0.03) — (—) — (—)
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13CO (2-1) 0.013 (0.004) 0.09 (0.02) — (—) — (—)
CO+ (2-1) <0.012 (0.004) <0.052 (0.018) — (—) — (—)
N2H+ (1-0) <0.005 (0.002) <0.006 (0.002) — (—) — (—)
HCO+ (1-0) 0.020 (0.002) 0.096 (0.006) 0.026 (0.002) 0.33 (0.03) f
CN (2-1) 0.072 (0.007) 1.38* (0.1) — (—) — (—)
CN (1-0) 0.108 (0.027) 0.524 (0.053) — (—) — (—)
HCN (1-0) 0.069 (0.002) 0.637 (0.008) — (—) — (—)
HNC (1-0) 0.030 (0.002) 0.204 (0.007) — (—) — (—)
NGC 6772 CO (1-0) 0.24 (0.02) 2.5 (0.05) 0.03 (—) — (—) g
CO (2-1) 0.55 (0.04) 6.36 (0.11) 0.05 (0.01) 1.39 (0.41*) e
13CO (1-0) <0.021 (0.007) <0.07 (0.02) — (—) — (—)
13CO (2-1) 0.040 (0.007) 0.32 (0.03) — (—) — (—)
CO+ (2-1) <0.021 (0.007) <0.1 (0.03) — (—) — (—)
N2H+ (1-0) <0.01 (0.004) <0.005 (0.002) — (—) — (—)
HCO+ (1-0) 0.030 (0.003) 0.358 (0.012) <0.003 (—) — (—) e
CN (2-1) 5.89 (0.01) 1.26 (0.005) — (—) — (—)
CN (1-0) 0.040 (0.010) 0.329 (0.037) — (—) — (—)
HCN (1-0) 0.021 (0.003) 0.419 (0.016) 0.010 (0.006) 0.299 (0.247*) e
HNC (1-0) 0.012 (0.003) 0.153 (0.013) 0.0027 (0.0012) — (—) h
*: Uncertain
a: [13]; b: [65]; c: [66]; d: [12]; e: [42]; f: [2]; g: [63]; h: [43].
Observations of the thirteen molecular lines detectable in the 88-236 GHz range provide new data
for the nine PNe in our survey, including the well observed NGC 7027. We identified and compiled a
list of these molecular transitions, with lines of primary interest and their measured intensities summa-
rized in Tables 2.5 and 2.6, respectively, for objects that have been well observed in the past and those
for which this survey yielded a significant number of new detections. The tables list peak flux (Tmb)
as defined by the main beam temperature, integrated line intensity (
∫
Tmb dV), reported parameters
for lines detected in past studies, and the (1–σ) formal errors for each measurement. The values of
temperature, intensity, and their errors were obtained from the Gaussian fitting procedure in CLASS.
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2.3.2 Survey Overview
We present the first detections of 13CO (1-0, 2-1), HCO+, CN, HCN, and HNC in NGC 6445 (Section
2.3.3.6) as well as HCO+ in BD+30◦3639 (Section 2.3.3.5). Transitions of 13CO (2-1), CN, HCN, and
HNC were also detected for the first time in NGC 6853 (Section 2.3.3.8) as well as 13CO (2-1), CN,
and HCO+ in NGC 6772 (Section 2.3.3.9). The individual PNe discussed in Sections 2.3.3.1-2.3.3.4
have been the subject of previous radio molecular line surveys [19, 2, 20], and the present survey
provided only a few new detections for these objects. Among the molecular ions surveyed, HCO+ was
detected in most of the PNe, including the aforementioned new detections in three objects. However,
the only PN unambiguously detected in CO+ and N2H+ was NGC 7027 (Section 2.3.3.1), which was
previously known to exhibit emission from both molecules [24, 20].
Figures 2.2 through 2.14 illustrate the emission lines detected in each objects and compare their
relative strengths. Across PNe with detected CN, intensities of the strongest line scale more or less
consistently with lesser CN hyperfine lines. With this in mind, we only list parameters for the bright-
est CN (1-0) hyperfine components in Tables 2.5 and 2.6. Hydrogen recombination lines were also
detected in two PNe, NGC 7027 and BD+30◦3639, and these lines are displayed in Figure 2.5. Both
objects are very young and compact, with high ionized gas densities capable of producing strong
atomic hydrogen emission. All CO isotopologue lines for NGC 7008 were also previously unob-
served (see Section 2.3.3.7), however the detections obtained here are likely due to ISM gas along the
line of sight to the PN.
We find line strengths for the PNe in our survey compare favorably with previous observations
[e.g., 19]. Because many of the objects were observed at different positions, we limit direct compar-
isons to a pair of representative PNe. In NGC 7027, we find line ratios of 12CO/13CO and HCO+/13CO
that are within 8% of those reported by [19], while CN/13CO is within 23%. Similarly, we noted a
difference of only 15% in the reported 12CO/13CO line ratio in NGC 6781, despite an offset of 50′′
between the positions observed within this PN in the two surveys.
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Figure 2.2: Spectra for transitions of neutral molecules detected in the survey data for NGC 7027.
Individual spectra have been scaled to facilitate comparison, and vertical dashed lines have been added
to indicate the systemic velocity positions for the hyperfine CN lines. The x-axis indicates velocity
with respect to the local standard of rest (VLS R) and the y-axis is main-beam antenna temperature (K).
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Figure 2.3: As in Figure 2.2, but for transitions of molecular ions detected in the survey data for NGC
7027.
2.3.3 Individual Planetary Nebulae
2.3.3.1 NGC 7027
The data obtained for NGC 7027 yield by far the richest molecular line spectrum among the objects
included in this survey. This young, bright nebula has a notably hot CSPN [T?=175,000 K, 36, 45]
and displays an abundance of atomic and molecular emission lines [24]. With a dynamical age of only
700 years [49] and a high CSPN mass (0.7 M), NGC 7027 is a rapidly evolving nebula [20]. The
morphology of the Hii region is that of a prolate ellipsoidal PN, with a distinct waist and symmetrical
outflow lobes visible in the infrared and X-ray [67, 68]. The clover-like symmetrical shell of molecular
hydrogen forms a wispy and filamentary structure about the elongated shell of ionized gas [49, 69].
The H2 emission further traces out the thin PDR, separating the inner ionized gas from the expanding
molecular envelope, which has been modeled spatio-kinematically by [61] and determined to have a
total molecular mass of roughly 1.3 M. The presence of point-symmetric holes in the H2 region also
indicates the presence of collimated outflows, a common phenomenon in young PNe [69].
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All thirteen molecular transitions surveyed have been detected in NGC 7027 and their individ-
ual spectra are displayed in Figures 2.2 and 2.3, which illustrate detections of neutral and ionized
molecules, respectively. From the shapes of the spectral emission lines, several characteristics of this
PN can be discerned. The distinct double-peaked structure found in CO isotopologues and 1 mm
lines traces the molecular gas with high line-of-sight velocities. Because the molecular shell of NGC
7027 extends to >70′′ [24], the ∼10′′ beam of the 30 m at 1 mm misses much of the outer envelope
gas emitting near the systemic velocity. In contrast, the larger beam size of our 3 mm observations
more completely samples the entire shell of the nebula, resulting in a larger contribution from material
expanding along the plane of the sky and, hence, flatter-topped line profiles. The same explanation
applies to the difference between the line profiles measured here and those measured by [20] with
the larger beam of the ARO 12 m telescope. Indeed, our CO isotopologue spectral line shapes are
consistent with 30 m observations by [70].
The central velocity of NGC 7027 was estimated by averaging the widths of each profile and
assuming symmetric expansion. The CO spectral line profiles show blueshifted and redshifted edges
at 10.7 and 36.9 km s−1, respectively. We thereby obtain a systemic velocity of 23.8 km s−1 and an
expansion velocity of 13.1 km s−1. These results are consistent with those of [67], [69], and [70],
all of whom determined the systemic velocity of NGC 7027 to be approximately 25 km s−1 and
found molecular outflow velocities of 15 km s−1. The nitrogen-bearing molecules, however, present
a slightly faster expanding shell, with blueshifted and redshifted outflow velocities of 5 and 40 km
s−1, respectively. The velocity difference may be attributed to the N-bearing molecules being more
abundant in the collimated, higher-velocity outflows present in NGC 7027.
We also observe evidence of self-absorption in the HCO+ spectrum and possibly in CO (1-0); on
the blueshifted side of the HCO+ emission line, there appear absorption features at ∼0.8, 3.2, and 11.0
km s−1 that dip below the averaged continuum, which has been baseline-subtracted (Figure 2.4). We
believe these are circumstellar features and not interstellar as there is no observed extended emission
in wide CO maps or self-absorption in higher CO J lines [61]. Beyond the absorption features, an
extended blueshifted wing is apparent within the HCO+ and CO (1-0) spectra (Figure 2.4). Extended
12CO wings were first detected in NGC 7027 by [71]. While the CO wing is less extensive, the HCO+
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Figure 2.4: Expanded spectra of CO and HCO+ in NGC 7027, illustrating the presence of multiple
absorption features and an extended blue wing.
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wing extends to ∼-40 km s−1, indicating the presence of a molecular outflow with velocity ∼65 km s−1,
i.e., nearly 5 times that of the overall molecular expansion velocity. This velocity is strictly a lower
limit, dependent on the angle of observation. This suggests that low excitation, approaching regions of
the outer molecular envelope are absorbing the line and continuum emission from molecules of high
abundance in the inner regions of the PN.
We confirm the detection of the ion N2H+ made by [20]. Formation of N2H+ could be a result of
the strong presence of X-rays from the CSPN, or due to shocks in the pPN phase.
While the double-peaked structure that is characteristic of an expanding envelope of molecular
gas can be seen in most of the emission lines observed, it is notably absent in HCN, due to its hy-
perfine splitting at closely spaced frequencies (88.630, 88.631, and 88.634 GHz). Line broadening
from expansion blends these hyperfine features. Close hyperfine lines may also be blended and thus
unresolved in 13CO, C17O, and N2H+. CN displays hyperfine structure as well (Table 2.4), but at
generally separable frequencies for both the N=2-1 and N=1-0 transitions. Two of the three hyperfine
components of CO+ are detected (Figure 2.3).
Further analysis of the spectra revealed detections of hydrogen recombination lines at 92.0 (H41α)
and 222 (H38β) GHz (Figure 2.5). H41α has a measured peak intensity of 0.278 K and integrated flux
of 4.12 K km s−1, and was previously identified by [20]. H38β has a peak intensity of 0.096 K and an
integrated flux of 2.63 K km s−1.
2.3.3.2 NGC 6720
Commonly known as the Ring Nebula, NGC 6720 (M57) has been well studied in molecular gas
[19, 2]. Its dynamical age is roughly 7,000 years [53] and it does not have detectable X-ray emission
[36]. We observed two positions within NGC 6720, one toward the CSPN, and one just outside the
optically bright nebula (Figure 2.1). Emission lines for these regions are displayed in Figures 2.6
and 2.7, respectively. Given the extensive CO survey of NGC 6720 performed by [72], we chose
not to cover higher frequency wavebands (including three of the CO isotopologues) in our survey
observations, and as such only six molecular transitions were detected.
The CSPN pointing (Figure 2.6) encompasses molecular gas associated with both the approaching
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Figure 2.5: Hydrogen recombination lines detected in two of the surveyed PNe, NGC 7027 and
BD+303639.
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Figure 2.6: As in Figure 2.2, molecular transitions detected in the survey data obtained toward the
central star of NGC 6720.
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Figure 2.7: As in Figure 2.2, molecular transitions detected in the survey data obtained toward the rim
of NGC 6720, referred to throughout this paper as NGC 6720 Rim.
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and receding layers of the molecular shell, and as a result this pointing yields broad, double-peaked
line profiles. We measure blueshifted and redshifted velocity components of -16.2 km s−1 and 4.6 km
s−1, respectively, at the central star of NGC 6720. These values agree well with the CO measurements
of [2], though they also detect a redshifted component at 15.7±2.6 km s−1.
The spectra for the position offset from the CSPN yield line profiles that are dominated by emission
near the systemic velocity of the PN, consistent with the expectation that the velocity of the bulk of
the gas along the nebular rim is perpendicular to the line of sight. The extended tail toward the
blueshifted side of the nebula indicates that the emission is dominated by the forward-directed side
of the molecular region. At this rim position, emission peaks appear at -6.7 km s−1 and -0.8 km s−1.
Another peak was identified at 15.3 km s−1, but only in H-bearing molecules. This spectral feature
in the Rim position corresponds to the receding emission component detected in molecular spectra
obtained by [2]. Although we did not observe CO (2-1) in NGC 6720, the observed profiles match the
structure seen by [72] in their (∆α=-40", ∆γ=-20") position. Further, the average systemic velocity of
NGC 6720 across both positions (∼-0.8 km s−1) agrees well with the measurements of [19].
2.3.3.3 NGC 7293
At a distance of only 0.20 kpc [54] and a radius of 0.46 pc, the Helix Nebula (NGC 7293) represents
the largest and nearest PN in this study. It is a relatively evolved object with a dynamical age of
12,000 years [43], and contains a hard, point-like X-ray source [73]. Early radio molecular line
observations were carried out by [74] and [19], with many additional studies performed across the
expansive molecular emission region of the PN [75, 27, 76, 43, 21].
Our observations of NGC 7293 were performed toward the edge of the molecular envelope (Figure
2.1). While all the molecular transitions studied in this paper have previously been detected in this PN,
this work adds integrated flux values for these lines in a previously unobserved region of the object.
As in previous single-dish mapping studies, there is significant structure present in the spectra (Figure
2.8). In particular, four distinct peaks appear in the 12CO (1-0, 2-1) transitions. This complex line
profile can be attributed to multiple, distinct molecular knots along the line of sight sampled by the 30
m beam. Due to the large angular diameter of NGC 7293, the IRAM telescope beam measured only
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Figure 2.8: As in Figure 2.2, molecular transitions detected in the survey data for NGC 7293.
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a small portion of the extensive molecular region. As such, it is only possible to make a comparison
with a nearby region (∆α=-435", ∆γ=75"), as observed by [27], [43], and [21]. Their spectra revealed
three CO velocity components at -11, -21, and -29 km s−1 and -13, -21, -29 km s−1 in HNC and HCN,
respectively. This lines up well with our spectra, in which strong velocity components are observed at
roughly -13, -23, and -32 km s−1, with two other potential features at -8 and -19 km s−1. Observations
by [21] of CN at the nearby position (-435, 75), as well as seven other positions across the Helix,
detected hyperfine structure indicative of optically thin emission; our data are too noisy to confirm
these results.
2.3.3.4 NGC 6781
NGC 6781 is a highly evolved PN with an estimated dynamical age of at least 20,000 years [57],
making it the oldest object included in our survey. As one of our three surveyed PNe not detected in
X-rays, NGC 6781 acts as a control for any potential X-ray-induced chemistry effects.
Radio molecular line observations of NGC 6781 were previously carried out by [19]. New ob-
servations of the PN presented here probe a different region of the expanding shell. NGC 6781 was
detected in all molecular transitions except CO+ (Figure 2.9). The molecular line profiles of NGC
6781 display complex structures. At least four distinct velocity components were detected across the
lines. Blueshifted and redshifted components at -0.3 and 29.4 km s−1 respectively were detected for
all molecular transitions. This suggests a systemic velocity of 14.6 km s−1. A central component at
14.7 km s−1 was also ubiquitously detected, with a fourth line at 21.4 km s−1 identified in most of
the transitions. These velocity profiles generally match up with those presented in [19], who found
velocity extremes of CO from -5 to 39 km s−1.
The strong, narrow absorption component located at ∼6.5 km s−1 in the CO line profiles is present
across all detected transitions and is likely due to the presence of molecular cloud emission in the
off-source (background sky) reference position.
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Figure 2.9: As in Figure 2.2, molecular transitions detected in the survey data for NGC 6781. Vertical
dashed lines indicate the systemic velocity positions for the hyperfine CN lines.
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Figure 2.10: As in Figure 2.2, the molecular transition detected in the survey data for BD+30◦3639.
2.3.3.5 BD+30◦3639
Also known as Campbell’s Star, BD+30◦3639 (hereafter BD+30), one of the youngest and most com-
pact PN in our survey, has only just begun ionizing its envelope of ejected material within the past
1,000 years [48]. The Wolf-Rayet-type central star (WC9) has the coolest core of the PNe discussed
in this paper. Nevertheless, BD+30 is a luminous object; at 1037 ergs s−1, its CSPN UV luminosity is
rivaled only by NGC 7027. It is also among the brightest diffuse PN X-ray sources [36], and has been
studied extensively across the electromagnetic spectrum [77]. Still, it remains poorly characterized in
molecular emission.
The structure of BD+30 is that of an elliptical nebula, with asymmetric CO bullets along possibly
precessing jets [13, 78, 65, and references therein]. These misaligned jets may also be responsible
for a hot bubble of X-ray-emitting material bounded by the ionized inner shell and outer dusty region
[78, 77]. An extensive multi-wavelength 3D structure modeling study was performed by [77].
In our survey data for BD+30, only HCO+ was detected (Figure 2.10). BD+30 subtends a diameter
of 4" [45] and its CO emission is compact [13]; hence, beam dilution may have a deleterious effect
on CO and other molecules surveyed. The HCO+ line profile displays a fairly broad structure, with
two distinct peaks. We find the expansion velocity of these regions within BD+30 to be -46.0 km
s−1 and 38.4 km s−1 respectively. Compared with the observations by [13], who determined CO
bullet velocities of -63 km s−1 and 41 km s−1, a puzzling discrepancy emerges. The redshifted HCO+
component matches the CO velocity, but the approaching velocity component differs by ∼17 km s−1, a
significant offset. The velocity extension of the HCO+ emission suggests that the molecular ion is not
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contained solely within the CO bullets but spread across the PN. Future followup with interferometer
observations will be necessary to confirm this interference.
As in the case of NGC 7027, examination of the spectra revealed the presence of strong H41α and
H38β emission lines (Figure 2.5), with peak intensities 0.076 K, 0.033 K and integrated flux values of
1.02 K km s−1, 1.02 K km s−1, respectively. These H recombination lines will not be further discussed
in this paper, but they are consistent with the presence of a large mass of ionized hydrogen in BD+30.
2.3.3.6 NGC 6445
NGC 6445, or the Little Gem, is the most distant PN in this survey, at 1.38 kpc [47]. It appears
as a bipolar nebula of dynamical age roughly 5,000 years [51] and its CSPN has a temperature of
T?=170,000 K. NGC 6445 is at a comparable effective temperature and CSPN mass to NGC 7027,
though it has far lower CSPN luminosity and larger nebula as a consequence of its more evolved
state. The ChanPlaNs survey established that NGC 6445 harbors a compact X-ray source of uncertain
physical origin, with coronal emission from a binary companion being a likely source [34]. The CO
isotopologues along with OH and OH+ were the only molecules previously detected in NGC 6445
[12, 66, 79].
Here, we present the detection of five new molecular species: 13CO, HCO+, CN, HCN, and HNC.
The shapes of these emission lines vary, with the nitrogen-bearing molecules displaying the broadest
profiles (Figure 2.11). For those lines that are well-detected, double peaked structure is apparent and
provides an estimated systemic velocity for the PN of 18.6 km s−1 and outflow velocity of 22.0 km s−1.
The lack of a blueshifted edge in the CO lines suggests weaker CO emission from the approaching
side of NGC 6445. Nevertheless, these velocity measurements are comparable with those of [66] who
measured a CO (1-0) systemic velocity of 20 km s−1 and an expansion velocity of 33 km s−1. A
feature near the systemic velocity at 20.4 km s−1 can also be seen in the HCO+ and CN lines. The
12CO (1-0) transition also shows a dip in its emission line spectrum at 115.276 GHz that is likely the
result of over-subtracted ISM molecular emission along the line of sight. There is some hint of N2H+
emission at ∼0 km s−1, within the velocity range of the other well-detected emission lines, but given
the absence of emission at ∼40 km s−1 – where all the other lines peak – we do not regard this as a
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Figure 2.11: As in Figure 2.2, molecular transitions detected and tentatively detected in the survey
data for NGC 6445.
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NGC 7008 is a relatively young nebula, with a dynamical age of 5,700 years [42]. Despite not being
previously detected in molecular line emission, it was included in this survey for its strong X-ray
emission; as in the case of NGC 6445, the CSPN is detected as a point-like X-ray source with an
unconstrained emission origin [34]. Previous molecular line measurements have been restricted to
upper limits placed on HCO+ and HCN [42].
Observations were made along the northern edge of the molecular shell of NGC 7008 (Figure 2.1),
yielding detections of narrow CO lines. Given the narrow widths and varying systemic velocities of
the detected lines (Figure 2.12), we believe these emission lines of CO isotopologues originate from
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the ISM rather than from the nebula. Followup observations of NGC 7008 are necessary to establish
the origin of CO emission towards the PN.
2.3.3.8 NGC 6853
NGC 6853, also known as M27 or the Dumbbell Nebula, is a large PN at 0.74 pc in diameter that
subtends 7,500 arcsec2 on the sky. In near-IR H2 emission, the Dumbbell Nebula consists of dense
knots and ‘streamers’ that appear to radiate out from the CSPN [10, 80]. Numerous atomic lines in
the optical such as [O I] and [N II] further trace out the eponymous ‘dumbbell’ shape that reflect the
PN’s bipolar structure [2]. In the ChanPlaNs survey, NGC 6853 was detected as a point-like source of
X-ray emission, with intensity and low median energy as expected from photospheric emission due to
the hot (T?=135,000 K) CSPN, given its small distance of 0.43 kpc [47].
CO was first detected in NGC 6853 by Huggins et al. 1996 [9], who identified a complex fila-
mentary structure much like that seen in H2. Further observations were carried out by Bachiller et al.
2000 [80] and more recently by Edwards et al. 2014 [2]. In the latter, the study focused on a position
offset from the CSPN (∆α=-68", ∆γ=-63"), where transitions of CO, HCO+, and CS were identified.
The region of the nebula targeted here is centered on the CSPN (Figure 2.1). H2 imaging revealed this
line-of-sight intersects a large column of clumpy, molecular gas [10].
In our 30 m spectra, a well defined double-peaked structure is observed, with blueshifted and
redshifted components of -50.3 km s−1 and 4.9 km s−1, respectively (Figure 2.13). When compared
with the velocities of emission line components detected by [2] towards the edge of the PN (-35 km
s−1 and -5 km s−1, respectively) the velocity components we detect hint at the 3D structure of the
PN. The measured velocity components indicate a systemic velocity of -22.7 km s−1 and expansion
velocity of 27.6 km s−1 for the expanding molecular shell of NGC 6853.
2.3.3.9 NGC 6772
One of the older objects in this sample, with a dynamical age of ∼11,000 years [56], the morphology
of NGC 6772 is that of an elliptical shell with apparent distortion along the NE to SW axis. This
structure may be a result of interactions between the expanding shell and the ISM [42]. NGC 6772 is
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Figure 2.13: As in Figure 2.2, molecular transitions detected in the survey data for NGC 6853.
2.3. Results and Analysis 43
Chapter 2. A New Radio Molecular Line Survey of Planetary Nebulae: HNC/HCN as a
Diagnostic of Ultraviolet Irradiation
Figure 2.14: As in Figure 2.2, molecular transitions detected in the survey data for NGC 6772.
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Table 2.7: HNC/HCN Integrated Line Intensity Ratios
Object Integrated Line Intensity Uncertainty
(K km s−1)
NGC 7027 0.027 0.004
NGC 6445 0.247 0.035
NGC 6720 0.366 0.052
NGC 6720 Rim 0.290 0.041
NGC 6853 0.320 0.045
NGC 6772 0.365 0.052
NGC 7293 0.717 0.101
NGC 6781 0.452 0.064
Integrated line intensity values of the HNC/HCN ratio in observed PNe.
one of three PNe in this paper not detected in X-rays in the ChanPlaNS survey [36]. First detected in
CO (1-0) by [63], [42] have more recently identified emission lines of CO (2-1) and HCN.
Our molecular line data were collected along the southern edge of the envelope (Figure 2.1). The
30 m spectra yield detections of both previously detected CO transitions, as well as 13CO (2-1), CN,
and HCO+ (Figure 2.14). The broad peaks of the spectral line profiles terminate at a redshifted velocity
of approximately 44.2 km s−1. This is consistent with the value determined by [42]. Only 12CO (1-0)
displays a narrow blueshifted peak at roughly 19.3 km s−1, as well as an apparent narrow feature near
0 km s−1 that was also identified by [42]. A possible explanation for this narrow feature is interstellar
gas along the line of sight to NGC 6772.
2.4 Discussion
2.4.1 HNC/HCN Ratio
The HNC/HCN abundance ratio has been studied for the insight it provides into the physical condi-
tions within the photodissociation regions of cold molecular clouds. Activation energy barriers and the
existence of a critical temperature for the conversion between HNC and HCN, both formed predom-
inantly by dissociative recombination of HCNH+, have long been discussed [81, 19, 43]. For semi-
ionized gas near the PDR boundary, heightened temperatures should favor production and survival of
HCN, decreasing the HNC/HCN ratio. The lack of convergence on the fundamental mechanisms and
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parameters that establish the ratio is apparent in the current literature, however [82, and references
therein].
[81] studied HNC/HCN as a diagnostic of local gas heating in the Orion Molecular Cloud (OMC-
1), and in particular, explored the temperature dependence of the HNC+H→HCN+H reaction. They
found the HNC/HCN ratio to be ∼1 at temperatures of ∼10 K and noted that the ratio decreases in
OMC-1 as the gas temperature increases from ∼10 to ∼150 K. [81] then assumed activation energies
for both the HNC+H and HNC+O reactions of ∼200 K in order to reproduce the observed ratios.
Using gas-grain and gas-phase chemical modeling, [82] furthered the study of HNC/HCN in OMC-1,
where they identified the critical temperature range of the gas cloud at which the HNC/HCN ratio
would begin to decrease from unity, i.e. 20-40 K, and placed upper limits on the activation barrier
energy of well below 1200 K.
The conclusions from these foregoing observational studies are broadly consistent with those of
[83], who analyzed the HNC/HCN ratio across dark clouds, protostellar objects, and Hii regions.
[83] found the mean ratio decreased gradually across these evolutionary stages. They concluded that
the HNC/HCN ratio can trace the evolutionary stages of massive star formation from cold molecu-
lar clouds (∼20 K) to the warmer molecular gas (∼100 K) associated with Hii regions generated by
young, massive (OB) stars. Similarly, the ring-like vs. centrally peaked morphologies of HNC and
HCN, respectively, within the disk orbiting TW Hya appear to place constraints on the characteristic
temperature necessary to efficiently convert HNC into HCN at ∼25 K [84].
The abundances of HNC and HCN in PNe can be expected to change due to thermal and kinetic
processes as the envelope of AGB ejecta evolves to post-AGB and, with the CSPN reaching ionization
temperatures, into PN stages [43]. As it is more stable, HCN is favored in the AGB stage where LTE
chemistry dominates the inner envelope of the star [43]. [70] also observe lower abundances of HNC
in post-AGB stages and claim this is due to increased ion-molecule interactions. By the proto-PN
phase, abundances of HNC and HCN are expected to restabilize to unity [43, 85]. In more evolved
PNe, models indicate the increased ionization fractions should result in enhanced abundances of HNC
relative to HCN [19].
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2.4.1.1 HNC/HCN Ratio with CSPN LUV
Eight PNe were observed in both the HNC and HCN during our molecular line survey. We find that the
observed HNC/HCN line intensity ratio ranged from 0.03 to 0.72 within the objects sampled (Table
2.7).
Notably, this analysis has revealed a previously unknown correlation between the HNC/HCN line
intensity ratio and the UV luminosity of the central star. In Figure 2.15, we plot the HNC/HCN ratios
obtained from our 30 m data, as well as data from other nearby PNe taken from the literature, versus
CSPN UV luminosity. The HNC/HCN line ratios for the PNe sample decrease from roughly unity to
0.027, as the CSPN UV luminosity increases. Linear regression for the data for our survey objects
(omitting NGC 7027) supports the presence of a power-law relationship between the HNC/HCN ratio
and CSPN UV luminosity, with a best-fit slope of m = −0.363 and a correlation coefficient of r =
−0.885. There exists no dependence of the HNC/HCN ratio on the type or presence of an X-ray
source.
For the HNC/HCN line ratio to decrease steadily with UV luminosity, high energy photons must
be either heating the gas within the PDR or selectively photodissociating HNC [86]. Under the for-
mer scenario, as CSPN UV luminosity rises, the resulting CSPN-induced ionization evidently raises
the local temperature to exceed the activation energy for conversion of HNC into HCN+H. [84] sug-
gest that when the local PDR is heated to the range of 25-40 K, the HNC+H reaction will lead to a
decreased HNC/HCN ratio. Under this scenario, PDR heating would therefore be a direct result of
photoelectrons generated by UV CSPN emission. Recent observations targeting proto-brown dwarfs
observed a similar decrease in the HNC/HCN abundance ratio with bolometric luminosity for the case
of protostars [87]. [87] suggest that this trend is due to the increased efficiency of heating of molecular
gas, resulting in declining HNC abundance with increasing protostellar luminosity.
Another potential mechanism that might drive the HNC/HCN ratio is the difference in photodisso-
ciation rates of HNC and HCN. Calculations by [86], taking into account the photodissociation cross
sections of each molecule as well as variation in the incident UV radiation field, find that selective
photodissociation can increase the rate of destruction of HNC by a factor of ∼2-10 relative to that of
HCN. While high effective temperature sources, such as CSPNe, have fewer low-energy photons and
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Figure 2.15: Flux ratio of HNC to HCN plotted against PN central star UV luminosity. Line ratios
obtained from observations by [43] are denoted by crosses. CSPN UV luminosities from Table 2.1
and [88, NGC 2346], [45, NGC 2440 and Hb 5], and [89, M1-7]. The best-fit linear power-law slope
(black dashed line, NGC 7027 and literature sources omitted) is m = −0.363 with a linear correlation
coefficient of r = −0.885. Typical uncertainty estimate of 40% for UV luminosity and 10% for line
ratios is plotted in the top right.
thus a lower effect on photodissociation rates than cool sources, the interaction between the strength
of the evolving UV source and the photochemical reaction rates of HNC and HCN could be sufficient
to drive the observed trend.
Modeling of HNC and HCN generation in cold, UV-irradiated molecular regions is necessary
to identify the relevant processes that are most important in determining HNC/HCN variation in
molecule-rich PNe. In addition, having established the correlation of HNC/HCN ratio with UV lu-
minosity for an ensemble of PNe, it is necessary to investigate whether and how the HNC/HCN ratio
depends on the local UV flux within individual objects.
Note that, since excitation of HCN and HNC is similar under similar physical conditions, we
expect the trend in their line intensity ratio apparent in Figure 2.15 (and the weaker trend in Figure
2.16; see Section 2.4.1.2) to closely track a similar trend in their column density ratio.
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2.4.1.2 HNC/HCN Ratio with Nebular Age
In the past, [70] suggested that the emergence of a strong UV source early in a PN’s history generates a
significant drop in HCN with respect to HNC through PDR processing. Recent work on the HNC/HCN
ratio in young PNe found that there is insignificant change with dynamical age [43]. These results
were taken to indicate that the ratio does not vary significantly with nebular evolutionary state, and
after the proto-PN stage, remains fixed. Because our survey samples PNe spanning a somewhat larger
range of dynamical age, we have revisited the question of whether HNC/HCN correlates with PN age
(Figure 2.16). Linear regression to our 30 m survey data (omitting NGC 7027) yields a correlation
coefficient r = 0.496, suggesting a marginal correlation. When including data from the literature (pink
and purple dots in Figure 2.16) [43, 90, 91], however, we find no correlation between HNC/HCN ratio
and PN age. Nevertheless, the trend obtained from our data appears to match reasonably well with
these previous PN survey data. These results support the notion that a continued rise in HNC with
respect to HCN occurs throughout PN evolution. Estimates of PN age, however, remain uncertain.
As age is typically measured from expansion velocities and the distance to the PN, which itself is not
always reliable [e.g., 92, 93, 94, 95, 54], meaningful uncertainties in the ages are difficult to define.
Thus, we have omitted age error estimates from the plot Additional HNC and HCN observations of
evolved PNe are necessary to confirm the tentative trend indicated in Figure 2.16.
2.4.2 Diagnostic of X-irradiated Gas
We investigated several potential tracers of X-ray-induced chemistry among the molecular emission
lines. Line ratios were compared against X-ray and UV luminosity of each central star, as well as
the ratio of the X-ray and UV luminosities. No significant trends emerged from this analysis. We
focus here on HCO+, which has long been proposed as a diagnostic of X-irradiation of molecular
gas [96]. Specifically, HCO+ is generated via X-ray ionization of molecular gas through the reaction




enhanced abundance of HCO+ may then act as a tracer for X-ray emission in the PNe, and we would
expect line ratios correlated with CSPN or nebular X-ray luminosity.
Figure 2.17 plots the ratio of HCO+ to 13CO against CSPN UV and X-ray emission. 13CO was
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Figure 2.16: Flux ratio of HNC/HCN plotted against nebular age. Magenta points are PNe observed
by [43]. Their sample encompasses objects with an age range half that of the PN included in our study.
Linear regression identified a correlation of r = 0.496 with a linear slope of m = 0.019, or an increase
in the ratio of HNC/HCN of 0.019/kyr.
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chosen as it acts as a proxy of the molecular mass and is not coupled to X-irradiation. The absence
of a clear trend in the left-hand panel of Figure 2.17 may suggest that X-rays are not directly driving
HCO+ production in PNe. On the other hand, Figure 2.17 (center panel) also does not reveal a clear
trend of enhanced HCO+ in the presence of strong UV from CSPNe. Hence, it remains to establish
the irradiation source that is primarily responsible for the production of this molecular ion in PNe.
Figure 2.17: HCO+ to 13CO 1-0 line ratio plotted against the central star’s luminosities LX , LUV , and
LX/LUV . Arrows indicate upper limits.
2.4.3 CO+ and N2H+
In PNe with hot central stars or high energy emission, X-rays have the potential to drive the chemical
pathways available to the molecular gas. CO+ is produced in higher abundances in the presence of
X-ray dominated regions through the reaction C++OH→CO++H [35]. An enhanced abundance of
CO+ then might suggest formation through this X-ray driven reaction. The main chemical pathway
for the production of N2H+, i.e., H+3 +N2→N2H
++H2, also requires X-ray or cosmic ray irradiation as
a means to generate the requisite H+3 ion. [20, 64].
Of the nine observed PNe, transitions of CO+ and N2H+ were detected only in the spectra of NGC
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7027. None of the other objects surveyed here have had confirmed detections of CO+, except NGC
6781, despite its potential importance in the generation of HCO+ [64]. Considering the CO+ line was
quite weak in NGC 7027 compared to 12CO, the molecule may be present in other X-ray emitting
PNe, but at a level below our survey sensitivity. Given that NGC 7027 harbors an unusually luminous
diffuse X-ray source and an unusually large mass of molecular gas, these detections hint at the viability
of CO+ and N2H+ diagnostics of X-irradiation of molecular gas. Shocks may also play a role in N2H+
formation, however, and future observations are required to distinguish these two mechanisms.
2.5 Summary
This study presents observations of key molecular transitions across the 88-236 GHz range toward
nine planetary nebulae with the IRAM 30 m radio telescope. We report new detections for five of
the PNe in the survey across thirteen molecular lines included in our spectral coverage. Our survey
yielded new detections of molecular transitions of CO, CN, HCN, HNC, and/or HCO+ in NGC 6445,
NGC 6853, and NGC 6772. The molecular ion HCO+ was also detected in BD+30◦3639 for the first
time. In addition, confirmation of previously detected molecules were made in NGC 7027, NGC 6720,
NGC 7293, and NGC 6781.
Our analysis of line ratios that are potential diagnostics of high-energy irradiation has revealed
a strong but previously unrecognized anticorrelation between the HNC/HCN line intensity ratio and
CSPN UV luminosity. This anticorrelation, which persists over nearly 3 orders of magnitude in central
star UV luminosity, provides strong evidence that HNC/HCN acts as a tracer for heating of the nebular
molecular gas by UV photons. Our survey additionally found a marginal correlation between the
HNC/HCN line ratio and PN age.
Other irradiation tracers explored in our PN molecular line survey yield more ambiguous results.
Though predicted to increase in abundance with X-irradiation, we find the intensity of HCO+ line
emission in PNe shows no clear correlation with PN X-ray luminosity. Detections of CO+ and N2H+
in our survey were limited to the particularly molecule-rich and luminous NGC 7027, which had been
previously detected in lines of both species. This suggests that CO+ and N2H+ trace especially intense
high-energy irradiation of molecular gas.
52 2.5. Summary
Chapter 2. A New Radio Molecular Line Survey of Planetary Nebulae: HNC/HCN as a
Diagnostic of Ultraviolet Irradiation
Acknowledgements: This work was supported in part by a subcontract issued to RIT under NASA ADAP grant
#80NSSC17K0057 to STScI (PI: B. Sargent), and by the Spanish MINECO within the program AYA2016-78994-P. It is
also based on observations carried out with the IRAM telescopes. IRAM is supported by INSU/CNRS (France), MPG (Ger-
many) and IGN (Spain). JB wishes to acknowledge useful discussions with Pierre Hily-Blant and Thierry Forveille during
his Fall 2018 residency at IPAG under the support of the Chateaubriand Fellowship of the Office for Science & Technology
of the Embassy of France in the United States.
2.5. Summary 53
Chapter 2. A New Radio Molecular Line Survey of Planetary Nebulae: HNC/HCN as a
Diagnostic of Ultraviolet Irradiation
54 2.5. Summary
Chapter 3. Sampling Molecular Gas in the Helix Planetary Nebula: Variation in HNC/HCN
with UV Flux
Chapter 3
Sampling Molecular Gas in the Helix
Planetary Nebula: Variation in
HNC/HCN with UV Flux
“ Bei meinen Durchmusterungen des Himmels habe ich solgende Nebesflecke gesunden,
die noch nicht bekannt zu sein scheinen: ”
“In my surveys of the sky I have found the following nebulous spots, which seem to be not
yet known:
...
4) RA. 334 30 Decl. -21 45 on No. IX. of my Atlas (translated) "
— Karl Ludwig Harding, Astronomisches Jahrbuch für das Jahr, 1827, p. 134, On
discovering the nebula in 1824 later named NGC 7293 (roughly 334◦40′, –21◦51′ in
J1800)
The following Chapter is formatted for an anticipated submission as [“Sampling Molecular Gas in
the Helix Planetary Nebula: Variation in HNC/HCN with UV Flux”, J. Bublitz, J. H. Kastner, P. Hily-
Blant, T. Forveille, M. Santander-García, J. Alcolea, and V. Bujarrabal, Astronomy & Astrophysics,
September 2020]
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Observations of molecular clouds, prestellar cores, and protoplanetary disks have established that
the HNC/HCN ratio may be a potent diagnostic of molecular gas temperature. The processes that
govern the relative abundances of these molecules nevertheless remain poorly understood. We seek to
exploit the wide range of UV irradiation strengths within the ∼1 pc diameter Helix planetary nebula
to explore the potential role of UV in driving HNC/HCN.
We performed IRAM 30 m and APEX 12 m radio line observations across six positions within the
Helix Nebula, making use of radiative transfer and photodissociation modeling codes to interpret the
results for line intensities and line ratios in terms of the molecular gas properties. We have obtained
the first detections of the plasma-embedded Helix molecular knots (globules) in HCN, HNC, HCO+,
and other trace molecules. Analysis of the HNC/HCN integrated line intensity ratio reveals an increase
with radial distance from the Helix central star. In the context of molecular line ratios of other plan-
etary nebulae from the literature, the HNC/HCN ratio appears to be anticorrelated with UV emission
over four orders of magnitude in incident flux. Models of the photodissociation regions within the
Helix using RADEX and Meudon codes reveal strong constraints on column density (1.5–2.5×1012
cm−2) of the molecular gas, as well as pressure and temperature. Although the results indicate that
UV irradiation is important in determining the HNC/HCN ratio, we find that UV photon emission
alone cannot reproduce the observed variation of HNC/HCN with radius in the Helix Nebula. Instead,
HNC/HCN appears to be dependent on both UV irradiation and gas pressure and density.
Analysis of the molecular ion HCO+ across the Helix also shows an increase in intensity with
increasing distance from the central star. The correlation indicates the significance of X-irradiation that
is likely driving HCO+ production in the outer regions of planetary nebulae, where photodissociation
is limited yet cold gas and ionized molecules are abundant.
3.1 Introduction
Planetary nebulae (PNe) form through rapid mass-loss during the asymptotic giant branch (AGB)
stages of low-to-intermediate mass stars (0.8-8 M). As the newly revealed, inert stellar core reaches
sufficiently hot temperatures to produce far UV photons [≈13.6 eV; e.g., 14], it begins the process of
photodissociation and ionization of the material ejected during the AGB phase, establishing the PN.
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Most of the central stars of PNe (CSPNe) have high bolometric luminosities (100–1000 L) [e.g.,
45, 34], and can also produce X-rays through either sufficiently hot photospheres and companion
accretion, or energetic wind shocks [97, 36, 58].
Though known mostly for their bright atomic recombination line and forbidden line emission
(from ionization of oxygen and nitrogen species), some PNe retain sizable masses of cold (∼102 K)
molecular gas [e.g., 12]. This UV- and X-irradiated molecular gas and dust emits in the millimeter
regime [40, and references therein], providing rich radio sources well-suited to improving our under-
standing of the chemistry within well-defined photo-dissociation regions (PDRs).
In this study, we focus on what PNe can teach us about the molecules HCN and HNC, which form
primarily through dissociative recombination of HCNH+ with electrons. The recent investigations of
HNC/HCN in OMC-1 make clear the ratio’s potential as a temperature probe for cool molecular gas
[81, 82, 98]. In their work, they state that UV emission from the star heats the molecular environment
past a critical temperature in which HCN is favored over HNC. UV photons can contribute to gas
heating through several processes, such as the photoelectric effect on dust grains and direct ionization
of molecular gas [3]; either process would effectively convert radiant energy to thermal energy of the
molecular gas, through collisions of UV-ejected electrons with H2 and other abundant species.
Further studies in dark cloud cores [99], prestellar cores [100], protostellar and Hii regions [83],
and in the protoplanetary disk orbiting TW Hya [84] reveal the utility of HNC/HCN ratio measure-
ments across environments ranging from molecular clouds through early stages of stellar evolution.
The interplay between the two molecules appears to be governed primarily by the critical reaction
HNC + H→ HCN + H. At temperatures above 10–100 K, this chemical process favors conversion of
HNC to HCN, thus decreasing the HNC/HCN ratio as protostellar evolution proceeds [83]. Modeling
by [84] suggests that a temperature range of 25–40 K in the local PDR is sufficient to prompt the
HNC-to-HCN reaction, while [87] found a similar trend separating the low luminosity proto-brown
dwarfs from brighter protostars.
More recent works have identified selective photodissociation as a factor to produce a gradient
in the HNC/HCN ratio within ISM clouds [86]. Due to the higher absorption cross section, HNC
more easily photodissociates than the latter molecule and will thus leave HCN dominant in regions of
3.1. Introduction 57
Chapter 3. Sampling Molecular Gas in the Helix Planetary Nebula: Variation in HNC/HCN
with UV Flux
increased UV photons. Photodissociation would occur in the exposed layers of molecular gas but may
be less effective in the densest cores or more distant regions of a PN. We would then expect to see
prePN levels of HNC and HCN where they are shielded from UVs, while HCN abundances rise with
respect to HNC at the surface layers of the molecular gas from preferential photodissociation.
In PNe, however, the ratio of HNC/HCN has been recently shown to be a potential diagnostic of
irradiation of molecular gas by UV from the CSPN. A survey of molecule-rich PNe by [40] established
that the CSPN UV luminosity could be driving the conversion of HNC into HCN, perhaps through
temperature dependent reactions or by an imbalance in the photodissociation rates of HNC and HCN.
It has been shown that the photodissociation rate of HNC can reach 2–10 times that of HCN in the
presence of strong high-energy radiation fields [86]. Thus, the ratio of HNC/HCN might decrease with
higher exposure to CSPN UV irradiation. The results of [40] further suggest that HNC/HCN should
also vary within an individual PN due to the gradient of incident UV photons across the molecular
gas regions. This provides motivation for followup studies focused on variation in the irradiation of
a geometrically well-characterized distribution of molecular gas. As an initial testbed, we turn to the
Helix Nebula.
NGC 7293 is one of the nearest known [0.20 kpc; 54] and most extended (0.46 pc radius) PNe,
with a molecular envelope previously mapped in CO at ∼30′′ resolution [75]. The inner ionized
cavity of the nebula also contains many embedded, compact regions of molecular gas and dust that
have been identified by a variety of names such as knots, globules, and filaments [e.g., 74, 101, 53].
Throughout this paper, such features will be referred to as ‘globules’. The globules within the Helix are
numerous, with estimates of their number ranging from 3500 in the optical [53], to tens of thousands
from infrared imaging [102]. They reside primarily within the outer edges of the ionized core, though
are also present along what [103] defines as the inner ring of molecular gas. A characteristic mass of
∼10−5 M has been attributed to individuals in the globule population [53, 104], with a typical density
of 106 cm−3 [104, 74]. A recent analysis of one such globule (identified as C1 by [74]) uses ALMA
CO maps to refine these estimates, with a molecular mass of ∼2×10−4 M, based on 13CO and C18O
line intensities, as well as the revised identification of 12CO as optically thick [105]. The temperature
gradient within a globular structure has not been established.
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Table 3.1: Observed Positions
Position α (J2000.0) δ (J2000.0) N, E Offset (′′)
Globule A 22h29m35.0s -20◦52′30.0′′ (-136.4, -49.6)
Globule B 22h29m43.0s -20◦49′02.6′′ (+71.0, +62.5)
Globule C 22h29m37.8s -20◦47′58.0′′ (+135.6, -10.4)
Helix Rim 22h29m47.9s -20◦53′18.0′′ (-184.4, +131.2)
Helix East 22h30m09.6s -20◦51′29.0′′ (-75.4, +435.4)
Helix West 22h29m07.5s -20◦48′59.0′′ (+74.6, -435.2)
Notes. RA and dec of the observed regions in the Helix, as well as their offsets from the Helix
CSPN in arcseconds. For reference, the central star is located at 22h29m38.5s, -20◦50′13.6′′.
Due to the immense span of the the Helix’s molecular regions, from the dense globules scattered
within 1.5–2.5′ (2.7–4.5×1017 cm) of the CSPN to the outer molecular plumes at distances of ∼7.5′
(1.3×1018 cm), there exists a significant (factor ∼20) gradient in the CSPN radiation incident on the
molecular gas within this PN. The Helix central star emits strongly in the UV, with a luminosity of
89 L [34], and is a point-like source of X-ray emission [73, 36]. These properties make the Helix
a prime testbed to study the effects of central star irradiation on PN molecular gas chemistry. [43]
and [21] performed recent multi-position molecular line studies, probing eight regions of the extended
Helix envelope with 3 mm observations. The eight positions they targeted provided good coverage of
the Helix’s primary molecular ring. However, both studies focus on points within the molecular shell
at offsets of 3.7–7.4′ from the central star, with an ARO 12m beam size of ∼70′′ for the J = 1 → 0
lines of HCN and HNC. The sampling of the PDR environment is thus not useful for the purpose of
measuring how the HNC/HCN ratio varies with radius from the CSPN.
In this work, we present a targeted molecular line study of the Helix Nebula using the Institut de
Radioastronomie Millimétrique (IRAM) 30 m telescope and Atacama Large Pathfinder Experiment
(APEX) 12 m telescope. The primary goal is to further investigate the apparent anticorrelation between
the HNC/HCN line ratio and UV radiation in PNe by measuring the ratio with respect to distance
from the Helix central star. In Section 3.2, we describe the single-dish molecular line observations. In
Section 3.3, we describe the line detection and mapping results. In Section 3.4 we present our analysis
of these results, while in Section 3.5, radiative transfer and photodissociation region modeling are
discussed. Conclusions from this work are presented in Section 3.6.
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Figure 3.1: Spectra for transitions of molecules detected in the six Helix positions. Individual spec-
tra have been scaled by a multiplier indicated within each line to facilitate comparison. The x-axis
indicates velocity with respect to the local standard of rest (VLS R) and the y-axis is the antenna main-
beam temperature (K). Positions are indicated on an HST optical image of the Helix (NASA, NOAO,
ESA, the Hubble Helix Nebula Team, M. Meixner (STScI), and T.A. Rector (NRAO)), with the HCN
(J = 1 → 0) beamsize and positions of our line survey observations as circles (globules A, B, C –
from Huggins et al. 1992 [74] – molecular Rim, East, and West positions).
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Six positions in the Helix Nebula were observed in 2018 February and May with the IRAM 30m
telescope on Pico Veleta. The targeted positions were selected to reflect a range in distances from
the CSPN (Figure 3.1 and Table 3.1). Three globule structures (hereafter Globules A, B, and C),
previously the focus of IRAM 30 m CO observations [74], were targeted to exploit their proximity to
the CSPN. The position labeled “Helix West" was the subject of a previous broad PNe molecular line
survey [40]. A position directly opposite the CSPN, labeled “Helix East", was chosen as a comparison
for molecular and UV properties in the extended molecular envelope. The final “Helix Rim" position
was selected from among the positions observed by [43], so as to sample an intermediate distance
from the CSPN.
Data were obtained with the Eight MIxer Receiver (EMIR), which allowed for observing in both
the 3 mm and 1 mm regimes simultaneously, with 8 GHz bandwidth per sideband and a velocity
resolution of 0.66 and 0.22 km s−1, respectively. Two observing modes were devised, with central
frequencies of 89 and 267 GHz for simultaneous acquisition of the J = 1→ 0 and J = 3→ 2 lines of
HCN and HNC, and central frequencies of 111 and 227 GHz for lines of CO as well as neighboring
molecular transitions.
Globules A, B, and C were also targeted with 5-point maps, using observational offsets of 10” in
J = 1 → 0 13CO, 12CO, and J = 2 → 1 12CO lines (Figures A.1–A.3). The intent was to ascertain
roughly the spatial extension of the globules with respect to the 30 m beam (Section 3.3.2).
Calibration of data used the chopper wheel method and were scaled in units of main-beam tem-
perature (Tmb) using the continuum emission of NGC 7027 as a calibration source. Worst-case flux
calibration uncertainties from ripples in the receiver (by coupling to hot and cold calibration loads)
are 2.5% [106]. Under the assumption that the gain ratio fluctuates by half that in each sideband,
measurements at the bandcenter would have an uncertainty of ∼3.5%.
The beam sizes (half power beam widths) are 27.8′′ and 9.25′′, with beam efficiencies of 0.8 and
0.5, respectively, at the 88.6 GHz and 265.9 GHz frequencies of HCN J = 1 → 0 and J = 3 → 2.
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Venus and Mars were used to check telescope pointing and focus every hour. Pointing errors were
corrected to an accuracy of ∼1.5′′. Observations were made in position-switching mode. Offset
positions that display no detected CO emission were chosen from [75]: (+28.6′′, +35.0′′) from the
CSPN for Globules B and C, (−24.81′′, −67.41′′) from the CSPN for Globule A and Rim position,
and two positions well outside the molecular envelope (400′′ east and 250′′ west of positions East and
West, respectively).
Integration times varied by globule and by molecular transition, as integrations for the receiver
setting covering the J = 1 → 0 transitions of HCN, HCO+, and HNC ranged from 2.8 hours (Rim)
to 10.4 hours (Globule C), for a total of 38 hours across the six positions. HCN and HNC (3-2)
transitions were observed for ∼1 hour at all positions. Select observations of the CO isotopologues
were made during the followup observing run of the globules with integration times of ∼20 minutes
to yield similar noise constraints.
3.2.2 APEX
The six Table 3.1 positions in the Helix Nebula were also targeted with APEX in 2019 August using the
SEPIA180 receiver in Band 5 (Figure 3.2). A baseband setup at 177.8 GHz was used, with resolution
of 10 MHz and a velocity resolution of δv = 0.3 km s−1. The backend consisted of the eXtended
Fast Fourier Transform Spectrometer (XFFTS), whose bandwidth of 4 GHz allowed simultaneous
observation of the J = 2 → 1 lines of HCN (177.26 GHz) and HCO+ (178.38 GHz). Data collection
was performed in total power/position switching mode.
Beam width for this frequency range is 35′′, with a main beam efficiency of 0.86. EP Aqr, R-
Aqr, S-Gru, and π1-Gru were used for calibration and pointing sources. Focusing was performed on
Jupiter before observations of each position. Integration time on-source ranged from 30-60 minutes
per position, for a total observing time of 15.6 hours.
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Figure 3.2: Spectra for J = 2 → 1 transitions of HCN and HCO+ detected in the six Table 3.1
positions with the APEX 12m Telescope. X- and Y-axes are same as Figure 3.1. Hyperfine lines of
HCN — where identified — have been indicated in red.
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3.2.3 Data Reduction
Reduction of the IRAM 30 m and APEX 12 m spectra was performed using the Continuum and Line
Analysis Single-dish Software (CLASS)1. A more detailed account of methods for data reduction
used in this work are described in [40]. In brief, data reduction consisted of scan averaging, rescal-
ing the spectra to main beam brightness temperature (Tmb), and baseline subtraction of a low-order
polynomial.
3.3 Results
3.3.1 Line Detections and Properties
In total, seven molecular species across multiple transitions were identified throughout the six posi-
tions targeted. We have obtained detections of HCN, HCO+, and HNC for the first time in the Helix
globules, as well as detections of these molecules in the three PN envelope positions, with the IRAM
30 m telescope. Across all six positions, the J = 2 → 1 transitions of HCN and HCO+ were also
detected with APEX. Transitions of J = 3 → 2 HCN and HNC were detected by the 30 m telescope
toward Globule B, with upper limits obtained in the other regions. The J = 3 → 2 line of HCO+ was
also detected from Globules B and C, in addition to the Helix East and West positions.
Measured line intensities range from 20 mK in HCN hyperfine structure to 2.09 K in CO towards
Globule C. The corresponding FWHM line widths varied from 0.6-3.3 km s−1 for well-resolved lines,
to upwards of 5.7 km s−1 for blended lines that required multi-gaussian fitting. For the 30 m observa-
tions, the average S/N for HCN J = 1 → 0 integrated line intensities in the globules is 23.0, while a
value of 5.6 is computed for the molecular envelope positions. The resulting S/N across the positions
with the APEX Telescope are 6.8–10.9.
Properties of detected lines were measured with the Gaussian curve fitting tool available in CLASS,
with individual fitting of all hyperfine lines when resolved (see Figures 3.1, 3.2). Results of the spec-
tral line analysis are presented in Tables A.1 and A.2, with the individual spectra presented in Figures
3.1 and A.4 by source.
1https://www.iram.fr/IRAMFR/GILDAS/
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Our observations detected the hyperfine splitting of the rotational energy levels for several molecules,
created by the interaction between the nuclear spin of 14N and the electron field to produce an electric
nuclear quadrupole moment. The hyperfine complex of HCN J = 1 → 0 was fully resolved, except
in the case of the East and West positions where emission from multiple regions along the molecular
envelope line-of-sight has blended and obscured any individual line components. This is consistent
with observations of the Helix West position in [40]. The observed J = 1 → 0 hyperfine complex of
HCN is consistent with the expected relative intensity levels of 1:5:3 for the F = 0→ 1, 2→ 1, 1→ 1
transitions between quantum levels. For ratios of the integrated intensities of HCN hyperfine compo-
nents I(F = 0 → 1/2 → 1)=R02 and I(F = 1 → 1/2 → 1)=R12, LTE gas will follow the theoretical
intensity ratios of 0.2< R02 <1.0 and 0.6< R12 <1.0 for the case of optically thin gas [e.g., 107, 108].
Across the observed positions in the Helix Nebula with resolved hyperfine lines, we measured the
ratios in the ranges R02=0.25–0.40 and R12=0.53–0.75. The similarity of hyperfine ratios in the He-
lix globules and Rim positions, within uncertainties of 4%, indicate that the Helix is optically thin
in HCN. While HNC J = 1 → 0 also exhibits hyperfine splitting, the line frequencies vary only by
∼0.1 MHz or less than 0.5 km s−1. Thus, the individual emission lines of HNC could not be resolved
in these observations. Hyperfine lines of C2H and CN were detected in the globules for the first time,
with C2H detected in the Rim position [also previously detected by 21] and marginal detections in
Helix East (Table A.2).
Due to the complex nature of the line profiles, the results for the Helix East and West positions
listed in Table A.1 only include those for the central peak gaussian fit. The integrated line intensity
used for the analysis described in Section 3.4.1.1 and Section 3.5, however, includes the summation
of all resolved velocity components.
3.3.2 Mapping the Globules in CO
Spectra obtained for the 5-point maps targeting the globules are presented in the Appendix for the
J = 1→ 0 lines of 13CO and 12CO, as well as J = 2→ 1 for 12CO (Figures A.1–A.3). For Globule A,
the western position (−10, 0) presents a weaker emission intensity at 29–47% of its globule core value,
which suggests a lack of centering on the emission source, or that there is a decrease in molecular
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Table 3.2: Molecular Transitions Detected
Molecule Resolved Quantum Numbers ν (GHz) Rel. Intensity














































Notes. Frequencies of molecular transitions (and their hyperfine components) found in this work,
as established by Mullins et al. [109]. Line frequencies and relative intensities were measured in
the laboratory and published in [59] and [60].
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gas along that side of the globule. Globules B and C display a similar drop-off in CO isotopologue
intensities along their Southern sides (0, −10). Moreover, minimal emission is found at the wester
position of Globule B. When compared with the alignment of each globule observed in the optical,
the decrease is consistent with gas facing the central star. The mapping might then be identifying the
lack of molecular CO in the ionized shell that protects the cold molecule-rich gas from the CSPN’s
radiation.
Newly published ALMA maps of CO have revealed that Helix Globule C consists of a filamentary
structure with a length of 11–16′′ and average thickness of 2′′ [105]. The ALMA data yield a velocity-
and spatially-integrated line flux of 14.4 Jy km s−1. Within the two 30 m positions whose beams span
the Globule’s 12CO-emitting-region detected in the ALMA data, we measure integrated line intensities
of 1.70 and 1.54 K km s−1, in the 10′′ J = 2 → 1 beams, for a total beam intensity of 3.24 K km s−1.
Given the conversion factor of S/Tmb=4.95 J/K for the 30m telescope at 230 GHz)2, we compute an
integrated flux of 16.04±0.71 Jy km s−1 in reasonable agreement with the total line flux measured by
ALMA.
3.4 Analysis
3.4.1 HNC/HCN in the Helix
3.4.1.1 Variation of HNC/HCN with Radius and UV Flux
The anticorrelation established in Bublitz et al. [40] between the HNC/HCN line ratio and CSPN UV
luminosity was an unexpected but powerful indicator of the effects that high-energy radiation has on
the molecular chemistry within PNe. As the PN sources came from a diverse survey of nebular ages,
positions, CSPN type and temperature, the precise nature of this trend remained unclear. A more
fundamental measure of the UV radiation emitted by the CSPN is obtained by the incident flux on the
observed region. Due to the variability in PN type and observing structure, however, the survey could
not accurately compute the flux of its PN sources [40].
Motivated by this initial discovery through the LUV , we seek to test how the HNC/HCN ratio is
2https://www.iram.es/IRAMES/telescope/telescopeSummary/telescope_summary.html
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affected by the local UV flux across an individual PN. The Helix Ne bula provides such a powerful
testbed for HNC/HCN evolution due to its highly extended molecular envelope and wide range of UV
irradiated regions both near and far from the CSPN. Initially we compute the distance of six chosen
targets of molecule-rich gas in the Helix. They represent the inner ionized region through the more
distant molecular plumes and sample distances of ∼90-440′′ from the central star, for the greatest
extremes in UV flux.
We used the intrinsic Helix geometry model presented in [110] to infer the 3D structure of the
globules and rim emission-line components from their velocities and projected positions. This geom-
etry is built from the knowledge of the gas motion, both its line of sight velocity and the expansion of
the nebula. The average VLS R of a position’s spectral lines, once corrected for the systemic motion of
the PN, provides the LOS motion through blueshifting and redshifting. Studies of the molecular ex-
pansion of the Helix have been performed by several teams over the years [e.g., 110, 75], and through
this work, we derived expansion velocity ranges for the positions of the Helix (globules, molecular
waist, expanding lobes).
Using trigonometric identities, the velocity components determine the angle created between the
true observed region and the projected plane perpendicular to the observer. This angle, in conjunction
with the projected distance from the CSPN, yields the true, deprojected distance to the Helix globules
and molecular envelope positions (Table 3.3).
When aligned to their calculated distances from the CSPN, the HNC and HCN integrated emis-
sion lines display an increase in intensity by a factor of ∼4–5 towards the most distant region of gas
(Figure 3.3). Similarly, the ratio of HNC/HCN establishes the direct correlation that the Helix has
with distance between the irradiation source and molecular gas.
Simple application of the flux-luminosity relationship provides the strength of the UV flux across
the nebula with respect to the radial distance from its central star. Objects closer to the CSPN, such as
the globules, will receive greater UV flux, while the more distant positions in the extended molecular
lobes will receive weaker flux levels. Calculations of the Helix positions’ deprojected radii and their
resulting UV fluxes are presented in Table 3.3.
It should be noted that attenuation of the UV flux through the intervening gas has not been taken
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into account with these calculations. The radiative transfer processes of absorption and scattering
of CSPN photons through the intra-nebular gas attenuate the UV flux incident on the molecular gas
in non-trivial ways. Scattering of the UV redirects emission out of the nebula or along non-radial
paths, decreasing the likelihood of photodissociating HCN or HNC as the length of travel for photons
increases. The most distant regions of the Helix may then experience lower UV intensity levels than
estimated in this work. Furthermore, absorption of the incident light by intra-nebular gas removes a
fraction of the UV photons that survive at extended envelope positions. Thus, estimation of photon
scattering and absorption propagation likely plays a significant role in the irradiation of many nebular
environments. However, such calculations for the final incident UV flux have not been included,
as they rely upon the compositional structure of the Helix Nebula and are beyond the scope of this
chapter.
Calculation of the deprojected distance relies on base assumptions about the properties of a PN.
Expansion of individual regions within the PN must be spherical and uniform. LOS velocity is taken
as a discrete property of a pointlike source embedded in the nebula. This is a reasonable assumption
for the globules which, despite evidence of tails [110], are compact objects smaller than the beam
size. The inner Rim position is unique in that it displays two resolved emission features indicative
of an inner (closer to the CSPN, further from the observer) and outer (further from the CSPN, closer
to the observer) molecular structure. The most distant molecular envelope positions East and West
prove more complex, however, as they display multiple overlapping emission features (Figure 3.1).
For these positions, the central peak was used to estimate the LOS velocity.
3.4.1.2 The Helix in Context
To better gauge the dependence of HNC/HCN on UV flux, we identified PNe with previous HNC and
HCN observations and for which we could estimate the UV irradiation (Table 3.3). The Helix Nebula
molecular envelope was previously observed in HNC and HCN by [43] across eight regions, including
two locations close to those targeted in this work. Line intensities from these positions were divided
into three distance bins (see Helix-SZ 1–3 in Table 3.3) and averaged into line ratios representative
of the inner, middle, and outer Helix ring. Other PNe studied in HNC and HCN [40, and references
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Figure 3.3: Top: Integrated line intensities of HCN and HNC for seven regions throughout the Helix
Nebula at varying deprojected distance from the CSPN. Computed UV flux units along upper axis.
Bottom: Line ratio of HNC/HCN against distance. A linear regression fit was made to the points, with
a shaded region representing 1σ uncertainty. Computed UV Flux from the CSPN scaled in the upper
x-axis.
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Table 3.3: PNe used to compute HNC/HCN ratio
Object HCN Line HNC Line HNC/HCN Distance from UV Flux
Name Intensity (K km s−1) Intensity (K km s−1) Ratio CSPN (pc) (ergs cm−2 s−1)
Helix Globule A 0.25 (0.01) 0.11 (0.01) 0.46±0.01 0.14 (0.02) 0.15 (0.01)
Helix Globule B 0.25 (0.02) 0.16 (0.01) 0.64±0.06 0.11 (0.01) 0.25 (0.01)
Helix Globule C 0.18 (0.01) 0.09 (0.00) 0.48±0.04 0.14 (0.02) 0.15 (0.01)
Helix Rim (Outer) 0.47 (0.10) 0.30 (0.03) 0.64±0.14 0.35 (0.08) 0.02 (0.00)
Helix Rim (Inner) 0.39 (0.09) 0.23 (0.02) 0.59±0.14 0.24 (0.04) 0.05 (0.00)
Helix East 0.30 (0.14) 0.33 (0.07) 1.11±0.58 0.44 (0.08) 0.02 (0.00)
Helix West 0.76 (0.06) 0.49 (0.16) 0.66±0.22 0.44 (0.08) 0.02 (0.00)
NGC 7027 11.6 (0.03) 0.31 (0.02) 0.03±0.001 0.03a 240.82
Hb 5 0.63 (0.22) 0.24 (0.06) 0.38±0.17 0.09a 18.33
NGC 6720 1.83 (0.02) 0.67 (0.02) 0.37±0.01 0.17a 0.44
NGC 6445 4.54 (0.02) 1.12 (0.02) 0.25±0.01 0.19a 0.85
NGC 2346 1.0 (0.2) 1.0 (0.2) 1.0±0.28 0.32a 0.01
NGC 6720 Rim 2.08 (0.03) 0.60 (0.03) 0.29±0.01 0.16 (0.07) 0.52 (0.03)
NGC 6853 0.64 (0.01) 0.20 (0.07) 0.32±0.01 0.16b 0.42
NGC 2440 0.37 (0.12) 0.05 (0.0) 0.14±0.05 0.12a 4.83
NGC 6772 0.42 (0.02) 0.15 (0.01) 0.37±0.03 0.20 (0.01) 0.21 (0.02)
NGC 6781 3.83 (0.02) 1.73 (0.02) 0.45±0.01 0.32 (0.09) 0.12 (0.04)
Helix-SZ 1 0.13 (0.07) 0.08 (0.03) 0.63±0.09 0.23-0.31 0.04 (0.00)
Helix-SZ 2 0.17 (0.09) 0.16 (0.06) 1.00±0.26 0.37-0.39 0.02 (0.00)
Helix-SZ 3 0.18 (0.07) 0.12 (0.04) 0.59±0.10 0.43-0.51 0.01 (0.00)
Notes. NGC 2346 line intensities from [88], while NGC 2440 and Hb 5 integrated intensities
computed from [42, 43].
Helix-SZ values from [43]. Other PN line intensities from [40].
a: Distance estimated using Hα radius [45], assumed 50% error in computed fluxes
b: Distance estimated from H2 map [10]
All other distances computed from observed angular displacement and expansion velocities.
UV Flux intensities calculated using deprojected CSPN distances and UV luminosities [88, 45,
34].
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therein] with molecular gas velocities distinct from their CSPN systemic velocity such as NGC 6720
(rim position), NGC 6772, and NGC 6781, were also included in the sample, using the same method
as described in Section 3.4.1.1 to calculate the UV flux incident on the molecular gas. The remaining
objects listed in Table 3.3 were either unresolved or observed directly along the LOS of their CSPN,
thus sampling gas across a significant range of UV illumination or remained unresolved. For these
cases, displacement from CSPN to irradiated gas cannot be determined, so we adopt the Hα radii
of these PNe, with assumed 50% uncertainties [47]. Due to its highly filamentary nature [9, 80], the
extent of NGC 6853’s molecular envelope is poorly represented by the Hα radius. We instead estimate
the extent of molecular gas by selecting the midpoint to the outer edge of the nebula’s H2 region [10].
Far infrared studies of Hb 5 and subsequent modeling have found dust mass levels higher than most
PNe [111], with significant quantities of molecular hydrogen in the core likely due to a high progenitor
mass star. Hb 5 has also been shown to have highly filamentary lobes that stem from a dense core of
material that is shaped by fast outflows [112]. As such, a nebular radius estimate from Hα flux does
not adequately represent the region where the molecular gas resides, and the PN was not included in
Figure 3.4.
The inclusion of additional data points from PN literature sources reinforces the anticorrelation
found between HNC/HCN and UV flux from their CSPN (Figure 3.4). A linear regression fit over all
PNe yields a slope of −0.32, steeper than for the Helix alone. This may reflect the fact that most of
these objects represent CSPNe with levels of UV irradiation 3–1600 times that of the UV incident on
the Helix Nebula. Regarding the curve, the trend is reasonably represented by a straight line in log-
linear space. Nevertheless, that the PNe in this study span a wide range of ages and morphologies, yet
broadly follow the line fit and 1σ uncertainty in Figure 3.4 (red dashed line), is indicative of the direct
relationship between UV irradiation and the HNC/HCN intensity ratio, and is furthermore broadly
consistent with the modeling results described in Section 3.5.2.
3.4.2 Variation of HCO+ with Radius
We find that HCO+ increases in intensity with distance from the CSPN more rapidly and steadily
than either HCN or HNC (Figure 3.5). HCO+ has been well discussed as a likely diagnostic of X-ray
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Figure 3.4: HNC/HCN line ratio versus UV flux of the Helix nebula (blue) and similar molecule-rich
PNe (red). A linear regression fit of all data points marks a slight decrease to the anticorrelation slope
as compared to the Helix observations fit from Figure 3.3.
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Figure 3.5: Top: Integrated line intensities of HCO+, HCN, and HNC plotted against the deprojected
distances from the CSPN. Computed UV flux emission at a given distance from the CSPN is included
along the upper axis. Bottom: HCO+/HCN and HCO+/HNC line ratios against distance. Linear
regression fit with 1σ uncertainty is included in blue.
emission incident on high-density gas, wherein the HCO+ is enhanced via the production of H+3 and is
shielded from UV-induced dissociative recombination [85]. Cosmic rays may also play a role in HCO+
production, though one might anticipate that CSPN-produced X-rays are more important within the
Helix. HCO+/HCN and HCO+/HNC are found to rise with increased distance from the source of PN
UV emission at 1.8 and 0.9 times the rate of increase of HNC/HCN with radius, respectively, with a
correlation coefficient of ∼0.9 for both HCO+ line ratios (Figure 3.5).
HCO+ has also been found previously at unusually high abundances in the molecular envelope
of the Helix [27]. Increased HCO+ production corresponds with the decreased attenuation of X-rays
further from the CSPN. As X-rays penetrate gas beyond the PDR, where dissociative UV photons
are blocked, the extended molecular cloud can more readily produce and maintain heightened HCO+
emission compared to regions that are highly UV-irradiated, such as the inner globules.
This correlation becomes apparent in the steep incline of the HCO+/HCN ratio (Figure 3.5),
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wherein the outer envelope positions display roughly four times the line ratio value of those posi-
tions closest to the CSPN. HCO+/HNC similarly sees an increase of 200% in line ratio at the outer
envelope over that found in the globules. The implication is that the molecular gas forms and main-
tains HCO+ more readily where UV-irradiation is low and the molecule is not heavily dissociated, yet
X-irradiation persists. As the East and West positions reside deeper into the PDR environment, UV
photons are depleted in higher numbers relative to the ionized region and the HCO+ ratios grow.
It should be noted that information from HCO+/HCN and HCO+/HNC is limited in scope. How-
ever, as the ratios do not share primary reactants to form, they do not represent interactions of HCO+
with HCN or HNC. Rather, they provide a means to track the direct increase in production and/or
survival of HCO+ due to distance and energy output from the CSPN.
3.5 Modeling
3.5.1 HCN and HNC Column Densities
To interpret our molecular line data in terms of Helix globule properties such as density and ki-
netic temperature, we used RADEX, a publicly available, non-LTE radiative transfer code [113].
RADEX takes in a set of initial conditions for a one-dimensional slab model of gas and uses an
escape probability formulation to calculate the emergent line intensities within the modeled medium.
The RADEX outputs are further refined through comparison with multiple transitions of the target
molecular species. By varying parameters such as gas temperature and density and then comparing
the outputs with the observed transition strengths sampled with the 30m and APEX, we have attempted
to constrain the abundances of HCN and HNC.
As the only position with resolved J = 1 → 0 and J = 3 → 2 transition lines for HCN and HNC,
Globule B provides good constraints on the molecular excitation. We hence use Globule B as the
subject of the modeling explored here. A range of kinetic temperatures consistent with PDR gas (10–
100 K) were explored, along with parameter sets of molecular density with respect to H2 and column
density typical in such globular environments (104–107 cm−3 and 1010–1014 cm−2, respectively) [110,
74]. Background radiation temperature was set to 2.73 K, while the linewidths were fixed to 1.0 km
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s−1 based on our measurements of emission lines from Globule B (Table A.1).
Preliminary analysis of ALMA interferometric mapping of Globule B (Bublitz et al. 2020, in
prep.) indicates that its structure is similar to that of Globule C observed with ALMA [105]. Thus,
the structure of Globule B is represented by an elongated rectangle of dimensions 12′′ by 2′′ pointing
away from the CSPN, for the purposes of beam dilution correction. Given the beamsizes of the IRAM
and APEX telescopes (27.8′′ and 35.2′′, respectively), the beam dilution factors are hence 25.3 and
40.5.
In Figure 3.6, we compare the observed line intensities for J = 1 → 0, 2 → 1, and 3 → 2
molecular transitions in Globule B, corrected for beam dilution effects, with those predicted by the
model through contour maps in log-density and log-column density space. Contours correspond to
the ranges of predicted intensities that agree with the observations to within 1σ. The confluence of
these curves mark the acceptable solution space for the range of density and column density explored
at each value of Tkin.
Figure 3.6 demonstrates that at temperatures up to Tkin = 60 K, tight constraints exist on the column
densities of HCN and HNC. The measurement of three low-lying J transitions of HCN provide the
narrow constraints on N(HCN) and n(H2). For HNC, however, the H2 density remains degenerate with
kinetic temperature. RADEX calculations yield column densities of ∼2.5×1012 cm−2 and ∼1.5×1012
cm−2 for HCN and HNC, respectively. The best-fit density is in the range of 106.5–105.4 cm−3 across
10–40 K.
Comparison of the resulting inferred HNC/HCN column density ratio for Globule B with values
in cold cloud cores as a function of kinetic temperature from the literature, there appears no trend
(Figure 3.7). The lack of correlation between temperature and column density indicates that our
line intensity ratios for Globule B can reasonably be converted into column density ratios without
implicit dependence on the gas temperature or density. Provided the cloud core measurements are
representative of the Helix Globule environment, then the point of intersection yields the predicted
temperature of gas inside Globule B, ∼25 K.
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Figure 3.6: Loci of density and kinetic temperatures compatible with the J = 1 → 0, 2 → 1, and
3 → 2 HCN and HNC line intensities towards Globule B (1σ uncertainties). A black star indicates
regions of overlap across all three transitions.
3.5.2 PDR Modeling
To interpret the RADEX results for HCN and HNC column densities in terms of a physical model of
the globules, we employed the publicly available Meudon PDR code [114, http://ism.obspm.fr]. We
utilize the PDR code to model a stationary, plane-parallel slab of gas and dust, irradiated with a fixed
UV radiation field, computing the radiative transfer equation for each point through an iterative pro-
cess. Heating and cooling processes are propagated through the model which utilizes a large chemical
network for the purposes of predicting abundances. Post-processing included with the model code
then computes line intensities and column densities as detected by an observer. A model spectrum of
a 100,000 K white dwarf star [115], scaled to that of the Helix CSPN [116], provided the ionization
source to one side of the slab, while the standard interstellar radiation field was assumed to irradiate
the other side. The incident stellar flux generates the ionized region of the Helix that surrounds a
globule, which is assumed to result in constant pressure across the ionized-neutral zones.
The density of the slab of gas was initially set to 103 cm−3, with a gas temperature of 100 K. Using
the analysis of [101] and neutral gas properties in PNe [117], we can constrain the expected pressure
outside the globules. Assuming a constant pressure boundary is necessary to maintain the globules for
the age of the nebula, we estimate a representative pressure of ∼107 K cm−3 for the Meudon models.
This is consistent with an extinction of dust through the globule of AV ≥0.5 [101]. Given a typical
globule diameter of ∼2′′ [101, 110] or a thickness of 400 AU, we then varied the pressure in our
computed models until they achieved consistent depth for extinctions of AV=0.5–1.0. This pressure
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Figure 3.7: Column density ratio of HNC/HCN derived from the RADEX calculations in Figure 3.6
(blue) and observations by [81], [99], and [100] (black) versus the kinetic temperature. An error-
weighted linear fit is depicted by the black dashed line and gray shading for 1-σ uncertainties, while
the temperature at the intersection of blue and black data is plotted as a vertical, blue dashed line.
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was found to be 107 K cm−3 for the given range of visual extinction.
The resulting chemical abundances of several key molecular and atomic species are displayed
in Figure 3.8. In these models, we find the HNC/HCN ratio is below unity across the slab, with a
significant drop in atomic H deep in the globule as it gives way to the PDR (Figure 3.9). A fixed initial
pressure results in heightened density of the gas inside the model globule and a drop in temperatures
to ∼40–60 K, consistent with the range predicted by [82]. Curiously, the temperature drop at the core
of the globule corresponds with the greatest drop in the HNC/HCN ratio, which would appear to run
counter to the previously observed trend [81, 82, 87].
We used the same fundamental PDR model to simulate molecular gas parcels at three positions of
the nebula as observed with the 30m telescope: Globule A, the Rim, and West position. As an initial
test (hereafter Model Set 1), we fixed gas pressure and density across the three positions, with values
of 107 K cm−3 and 105 cm−3, respectively, and varied UV flux according to the relative distances of
three positions from the CSPN (Figure 3.9, left). The center and right panels of Figure 3.9 represent
models in which the distance (and thus the incident UV flux) is held constant while density is varied
(Model Set 2), and in which density is progressively decreased across the three modeled positions
(Model Set 3), respectively.
The [HNC]/[HCN] model ratios are computed over an extinction of AV = 1.0. UV flux decreases
according to a 1/r2 scaling law, with the abundance ratio reaching a minimum towards the most heavily
shielded region, just beyond the center of the slab. A weighted average of each model curve is iden-
tified by integration of composite trapezoids and allows for a generalized comparison with observed
data, wherein the line emission of an entire globule has been measured as a single value rather than
at known extinction level. Those observed HNC/HCN integrated line intensity ratios are presented as
horizontal bars.
The modeling tests demonstrate that, in each case, the HNC/HCN ratio declines toward the center
of the modeled region, reaching a minimum near AV ∼0.7. However, in Model Set 1, an increase in
distance from the UV source leads to a decrease in HNC/HCN, counter to observations (Figure 3.9,
left). Model Set 2, which only explores variations in the PDR parameters of pressure and density by
artificially holding the flux from the CSPN constant, yields an increase in the abundance ratio towards
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Figure 3.8: Molecular and atomic densities and gas parameters across a gas slab of extinction AV=1.0
(top) and AV=0.5 (bottom), with fixed pressure P=107 K cm−3, irradiated by a WD model spectrum of
T=100,000 K [115]. Left: Density of selected species across the visual extinction of the slab. Right:
Temperature and density across the model slab.
unity as gas pressure is lowered (Figure 3.9, center). Model Set 3 — in which pressure, density,
and UV irradiation are all simultaneously decreased, to mimic increasing distance from an irradiated
central star — appears to yield the best agreement with the observed variation in HNC/HCN line ratios
(Figure 3.9, right).
The preceding comparison between the models and observations suggests that the combination of
changing pressure (density) and UV irradiation, as opposed to one or the other “ingredient", may be
required to explain the observed variations in the HNC/HCN ratio with distance from the central star.
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Figure 3.9: Curves of the [HNC]/[HCN] abundance ratio output by the Meudon PDR modeling code
are plotted against the extinction (AV=1.0) of a representative slab of gas. Points are colored based
on kinetic gas temperature, which peaks toward the edges of the slab. The average abundance ratio
for each curve is marked with a single (red, green, or blue) point at the center of its respective curve.
Horizontal lines of corresponding color (red, green, blue) mark the IRAM 30m observed line ratios
for the three modeled positions (Globule A, Rim, West), respectively. Left: Model Set 1. HNC/HCN
of three model slabs with increasing distances from the UV source, thus decreasing incident UV flux.
Pressure and density remain fixed. Center: Model Set 2. Same as previous, except UV flux remains
fixed at 0.35 pc, while pressure and density vary by a factor 10 across each curve. Right: Model Set 3.
UV flux, pressure, and density are all decreased with increasing distance from the CSPN. See Section
3.5.2.
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3.5.3 Comparison of RADEX and PDR Model Results
Contours of HCN and HNC column density indicate that HCN preferentially resides somewhat deeper
within a dense molecular gas core of the globules. At 40% lower density, HNC would then sit slightly
more towards the surface of the globule, where UV irradiation would be stronger and could perform
chemical reprocessing. If the conversion of HNC into HCN does scale with local gas temperature
[81, 82, 98], we would expect to find a shell of high ratio HNC/HCN surrounding sub-unity values
in the densest regions. However, while density estimates made with RADEX suggest that HNC and
HCN do not exist cospatially, they depict HCN existing deeper within the globules, not HNC.
Modeling of photodissociation with a gas slab using the Meudon code produced similar results. A
notable increase in HCN can be seen at the core of the PDR model slab, even with respect to the rise
in HNC density (Figure 3.8, left and right). HNC/HCN drops to 0.43-0.52 at the core compared to the
globule surface value of 0.93 (Figure 3.9, left). This appears initially to contradict the expectations
of UV irradiation. By decreasing the pressure, and thus the density, of the model slabs, we achieve
a better approximation of the observed HNC/HCN line ratios across the Helix (Figure 3.9, center
and right). The fact that this model best matches the observational results suggests that both UV
irradiation and the local gas physical conditions – in particular, gas pressure (or density) – play a role
in determining the HNC/HCN ratio.
Nevertheless, the process that connects UV irradiation to the relative production and destruction
rates of HCN and HNC remains poorly constrained. The HNC/HCN ratio has been found to be well
correlated with gas heating in PDR environments [e.g., 82, 98], while selective photodissociation
directly relates UV irradiation with the conversion of HNC into HCN [86]. The results presented here
suggest that UV irradiation likely plays a key role via one or both of these mechanisms. That is, UV
photons may be heating the gas via photoionization and the photoelectric effect on dust grains, or
may be preferentially suppressing the HNC abundance via selective photodissociation; either or both
processes would enhance the abundance of HCN relative to HNC as UV flux increases.
The molecule C2H is a strong tracer of UV ionization in PDR environments and comparisons
with HNC/HCN would establish the significance ionization plays on the ratio. As a byproduct of
isocyanide dissociation, the presence of CN in regions of suppressed HNC/HCN would alternatively
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suggest the effect of selective photodissociation on the ratio abundance. Thus, additional observations
of such photodissociation-generated species can help disentangle the effects of UV-driven heating vs.
photodissociation in driving HNC/HCN.
3.6 Conclusions
In this study, we present the results of a 1 mm and 3 mm line survey of the Helix Nebula using
the IRAM 30 m and APEX 12 m telescopes. The targeted regions consist of three prominent dense
molecular knots within the ionized zone, a position that has been resolved into two locations along
the molecular rim of the nebula, and two diametrically opposite positions at the edges of the extended
molecular envelope. Transitions from five molecules were targeted and detected across the regions:
the J = 1 → 0 and J = 3 → 2 lines of HCN, HCO+, and HNC, the J = 2 → 1 lines of HCN and
HCO+, as well as 12CO and 13CO in all globules. This marks the first detection of HCN, HNC, HCO+,
C2H, and CN in the globules of NGC 7293.
The results support previous indications that the destruction of HNC occurs more readily than its
isomer HCN in regions of higher UV emission in PNe. Targeting positions of variable distance to
the Helix Nebula central star as a means to test the anticorrelation between the HNC/HCN line ratio
and UV luminosity in PNe [40], we have determined that HNC/HCN decreases with proximity to the
CSPN – and thus increased UV flux, a more robust measure of high-energy emission. These Helix
Nebula HNC/HCN line ratio data, combined with data from previous PN studies, yield evidence for an
anticorrelation between HNC/HCN and strength of UV irradiation that spans 0.03–1.11 in HNC/HCN
integrated line intensity ratio and a factor 104 in UV flux.
In tandem with the line survey, two forms of molecular gas modeling provide further constraints
on the chemical structure in Helix Nebula globules. Radiative transfer models fit to the Globule B
observed line intensities indicate column densities of ∼2.5×1012 cm−2 and ∼1.5×1012 cm−2 for HCN
and HNC, respectively. As with RADEX, PDR modeling identified a rise in HCN compared to HNC
at the core of a representative globule through UV intensity alone, suggesting it resides deeper inside
a region of gas, contrary to chemical models. Only by decreasing the gas pressure, and thereby
density, as radial distance from the source is increased were the models able to reproduce HNC/HCN
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consistent with the data. The results suggest that UV flux alone is insufficient and a more complex
interplay of additional environmental factors is necessary to establishing the anticorrelation observed
with HNC/HCN.
Additionally, a rise in HCO+ is noted with increased distance from the Helix CSPN when com-
pared against both HCN and HNC. Though both molecules require similar H-rich environments, the
strength of the HCO+ ratio hints at the effects of X-ray emission at the extremities of the nebula, while
photodissociation likely destroys HCO+ close to the CSPN.
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3.7 Appendix: Additional Tables and Figures



























Table A.1: Helix Spectral Line Data
Position Molecule Transition Tmb VLS R ∆V1/2
∫
TmbdV
(K) (km s−1) (km s−1) (K km s−1)
Globule A HCN J = 1→ 0, F = 0→ 1 0.028(0.003) -22.68±0.09 1.59±0.23 0.046±0.005
F = 2→ 1 0.101(0.003) -22.52±0.02 1.34±0.05 0.139±0.005
F = 1→ 1 0.053(0.003) -22.52±0.04 1.13±0.08 0.062±0.004
HCN J = 3→ 2 0.07(0.04) -22.01±0.20 ∼0.68 0.050±0.027
HCO+ J = 1→ 0 0.107(0.003) -22.56±0.02 1.12±0.06 0.123±0.005
HCO+ J = 3→ 2 <0.03 - - -
HNC J = 1→ 0 0.084(0.004) -22.53±0.03 1.32±0.07 0.114±0.005
HNC J = 3→ 2 0.18(0.06) -22.45±0.08 0.56±0.012 0.109±0.027
13CO J = 1→ 0 0.26(0.03) -22.71±0.04 0.61±0.97 0.170±0.025
12CO J = 1→ 0 0.88(0.08) -22.44±0.04 0.89±0.14 0.833±0.092
12CO J = 2→ 1 1.21(0.10) -22.42±0.03 0.92±0.07 1.194±0.078
Globule B HCN J = 1→ 0, F = 0→ 1 0.033(0.004) -16.98±0.05 0.66±0.78 0.024±0.005
F = 2→ 1 0.083(0.004) -17.75±0.04 1.67±0.11 0.145±0.008
F = 1→ 1 0.053(0.004) -16.95±0.07 1.37±0.13 0.077±0.007
HCN J = 3→ 2 0.24(0.03) -17.13±0.06 1.53±0.16 0.399±0.035
































Table A.1: Helix Spectral Line Data
Position Molecule Transition Tmb VLS R ∆V1/2
∫
TmbdV
(K) (km s−1) (km s−1) (K km s−1)
HCO+ J = 1→ 0 0.110(0.006) -17.04±0.04 1.78±0.08 0.198±0.008
HCO+ J = 3→ 2 0.43 (0.04) -17.32±0.04 0.94±0.09 0.433±0.032
HNC J = 1→ 0 0.082(0.005) -16.99±0.04 1.84±0.11 0.158±0.008
HNC J = 3→ 2 0.14(0.06) -17.18±0.21 1.51±0.60 0.226±0.065
13CO J = 1→ 0 0.09(0.02) -17.39±0.24 2.00±0.62 0.200±0.047
12CO J = 1→ 0 0.60(0.10) -17.09±0.08 1.19±0.15 0.763±0.099
12CO J = 2→ 1 1.13(0.13) -17.33±0.04 0.83±0.09 0.997±0.088
Globule C HCN J = 1→ 0, F = 0→ 1 0.020(0.002) -27.85±0.12 1.10±0.20 0.024±0.004
F = 2→ 1 0.075(0.002) -27.94±0.03 1.21±0.08 0.094±0.005
F = 1→ 1 0.044(0.002) -27.90±0.05 1.28±0.12 0.059±0.005
HCN J = 3→ 2 <0.3 -27.70±0.23 ∼0.23 -
HCO+ J = 1→ 0 0.072(0.003) -27.93±0.03 1.20±0.07 0.090±0.004
HCO+ J = 3→ 2 0.25 (0.07) -28.00±0.09 0.93±0.18 0.247±0.045
HNC J = 1→ 0 0.063(0.003) -27.86±0.03 1.32±0.07 0.085±0.004
HNC J = 3→ 2 0.24(0.08) -27.72±0.09 0.58±0.18 0.145±0.044
































Table A.1: Helix Spectral Line Data
Position Molecule Transition Tmb VLS R ∆V1/2
∫
TmbdV
(K) (km s−1) (km s−1) (K km s−1)
13CO J = 1→ 0 0.18(0.03) -27.90±0.07 0.84±0.17 0.165±0.026
12CO J = 1→ 0 0.60(0.07) -28.00±0.07 1.11±0.17 0.712±0.088
12CO J = 2→ 1 2.09(0.09) -27.91±0.01 0.79±0.03 1.747±0.064
Rim (Outer) HCN J = 1→ 0, F = 0→ 1 0.03(0.02) -47.06±0.36 1.67±0.85 0.057±0.026
F = 2→ 1 0.12(0.02) -47.16±0.07 1.84±0.35 0.239±0.032
F = 1→ 1 0.09(0.02) -47.11±0.10 1.89±0.55 0.174±0.035
HCN J = 3→ 2 <0.14 -47.30±0.12 - -
HCO+ J = 1→ 0 0.16(0.01) -47.65±0.06 3.25±0.17 0.555±0.023
HCO+ J = 3→ 2 <0.05 - - -
HNC J = 1→ 0 0.13(0.02) -47.37±0.09 2.18±0.23 0.301±0.025
HNC J = 3→ 2 <0.25 -47.10±0.04 - -
Rim (Inner) HCN J = 1→ 0, F = 0→ 1 0.04(0.02) -10.26±0.24 ∼0.66 0.031±0.021
F = 2→ 1 0.11(0.02) -9.66±0.08 2.05±0.32 0.234±0.033
F = 1→ 1 0.06(0.02) -9.73±0.16 2.04±0.64 0.125±0.034
HCN J = 3→ 2 <0.17 -10.83±0.06 - -
































Table A.1: Helix Spectral Line Data
Position Molecule Transition Tmb VLS R ∆V1/2
∫
TmbdV
(K) (km s−1) (km s−1) (K km s−1)
HCO+ J = 1→ 0 0.17(0.01) -9.68±0.05 2.44±0.12 0.453±0.019
HCO+ J = 3→ 2 <0.040 - - -
HNC J = 1→ 0 0.13(0.02) -9.67±0.08 1.70±0.17 0.230±0.021
HNC J = 3→ 2 <0.11 -9.30±0.18 - -
East∗ HCN J = 1→ 0 0.05(0.01) -30.41±0.12 1.88±0.46 0.101±0.016
HCN J = 3→ 2 <0.10 - - -
HCO+ J = 1→ 0 0.11(0.01) -29.53±0.05 1.50±0.14 0.172±0.019
HCO+ J = 3→ 2 0.09 (0.05) -30.81±0.38 2.17±0.63 0.196±0.061
HNC J = 1→ 0 0.11(0.01) -29.53±0.05 1.50±0.14 0.110±0.018
HNC J = 3→ 2 <0.14 - - -
West∗ HCN J = 1→ 0 0.03(0.01) -21.76±0.66 5.67±0.66 0.177±0.014
HCN J = 3→ 2 <0.27 - - -
HCO+ J = 1→ 0 0.11(0.01) -20.69±0.16 4.19±0.33 0.473±0.023
HCO+ J = 3→ 2 0.08† -21.46±0.27 1.24±0.64 0.111±0.049
HNC J = 1→ 0 0.06(0.01) -21.23±0.30 2.77±0.69 0.166±0.088
































Table A.1: Helix Spectral Line Data
Position Molecule Transition Tmb VLS R ∆V1/2
∫
TmbdV
(K) (km s−1) (km s−1) (K km s−1)
HNC J = 3→ 2 <0.11 - - -
Notes.
†: Uncertain
∗: Only central line peaks for Helix positions East and West presented due to the significant number of overlaid,
but resolvable velocity profiles detected
Peak line intensities are in units of the main beam temperature (Tmb). Velocities of the lines and their FWHM
line width (∆V1/2) are with respect to the LSR. Integrated line intensity (
∫
TmbdV) is computed from the
































Table A.2: Additional Helix Spectral Lines
Position Molecule Transition Tmb VLS R ∆V1/2
∫
TmbdV
(K) (km s−1) (km s−1) (K km s−1)
Globule A C2H N = 1→ 0
J = 3/2→ 1/2, F = 1→ 0 0.016 (0.003) -22.22±0.26 1.73±0.38 0.030±0.007
J = 1/2→ 1/2, F = 1→ 1 0.011 (0.004) -22.54±0.21 1.15±0.55 0.013±0.005
CN N = 1→ 0, J = 1/2→ 1/2 0.23 (0.05) -22.52±0.12 1.03±0.36 0.25±0.06
CN N = 1→ 0, J = 3/2→ 1/2 0.25 (0.05) -22.24±0.22 1.97±0.44 0.52±0.11
Globule B C2H N = 1→ 0
J = 3/2→ 1/2, F = 1→ 0 0.020 (0.006) -16.91±0.23 1.32±0.35 0.03±0.008
J = 1/2→ 1/2, F = 1→ 1 0.018 (0.006) -16.91±0.16 0.67±0.36 0.013±0.007
CN N = 1→ 0, J = 1/2→ 1/2 0.11 (0.06) -17.11±0.61 3.31±1.19 0.38±0.11
CN N = 1→ 0, J = 3/2→ 1/2 0.15 (0.06)† -17.34±0.26 0.90±0.57 0.14±0.07†
Globule C C2H N = 1→ 0
J = 3/2→ 1/2, F = 1→ 0 0.020 (0.003)† -27.71±0.11 0.87±0.16 0.02±0.003†
J = 1/2→ 1/2, F = 1→ 1 0.012 (0.003) -27.66±0.14 1.28±0.30 0.02±0.004
CN N = 1→ 0, J = 1/2→ 1/2 0.112 (0.045) -28.16±0.37 1.90±0.64 0.23±0.07
CN N = 1→ 0, J = 3/2→ 1/2 0.20 (0.05) -27.88±0.13 1.01±0.32 0.22±0.06
































Table A.2: Additional Helix Spectral Lines
Position Molecule Transition Tmb VLS R ∆V1/2
∫
TmbdV
(K) (km s−1) (km s−1) (K km s−1)
Rim (Outer) C2H N = 1→ 0
J = 3/2→ 1/2, F = 1→ 0 0.046 (0.008) -47.87±0.26 3.18±0.52 0.15±0.02
J = 1/2→ 1/2, F = 1→ 1 0.020 (0.009) -47.82±0.58 2.19±1.14 0.05±0.02
Rim (Inner) C2H N = 1→ 0
J = 3/2→ 1/2, F = 1→ 0 0.013 (0.009) -11.20±2.39 15.67±4.99 0.21±0.06
J = 1/2→ 1/2, F = 1→ 1 0.046 (0.008) -7.71±0.25 3.23±0.50 0.16±0.02
East C2H N = 1→ 0
J = 3/2→ 1/2, F = 1→ 0 <0.016 - - -
J = 1/2→ 1/2, F = 1→ 1 <0.009 - - -
West C2H N = 1→ 0
J = 3/2→ 1/2, F = 1→ 0 <0.01 - - -
J = 1/2→ 1/2, F = 1→ 1 <0.02 - - -
































Table A.2: Additional Helix Spectral Lines
Position Molecule Transition Tmb VLS R ∆V1/2
∫
TmbdV
(K) (km s−1) (km s−1) (K km s−1)
Notes.
†: Uncertain
∗: Only central line peaks for Helix positions East and West presented due to the significant number of overlaid, but
resolvable velocity profiles detected.
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with UV Flux
Figure A.1: Spectra of Globule A in the J = 1→ 0 lines of 13CO and 12CO, as well as the J = 2→ 1
line of 12CO. Offset positions from the central pointing are indicated within each spectral window by
their R.A. and dec. The spacing of 10′′ between pointings is roughly half the 30m beam at 110 GHz,
and 1 beamwidth at 230 GHz. The CSPN is to the NE.
Figure A.2: Spectra of Globule B in the J = 1→ 0 lines of 13CO and 12CO, as well as the J = 2→ 1
line of 12CO. Offset positions are indicated as in Figure A.1. The CSPN is to the SW, coinciding with
the pointings that display decreased CO emission.
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Figure A.3: Spectra of Globule C in the J = 1→ 0 lines of 13CO and 12CO, as well as the J = 2→ 1
line of 12CO. Offset positions are indicated as in Figure A.1. The CSPN is to the south, coinciding
with decreased CO emission at (0, –10).
Figure A.4: Additional spectral lines observed in each of the six targeted positions of the Helix Nebula.
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Chapter 4
CO+, HCO+ Imaging and Outflows:
Mapping NGC 7027 in New Light
“ Prismatic analysis, if it could be successfully applied to objects so faint, seemed to be a
method of observation specially suitable for determining whether any essential physical
distinction separates the nebulæ from the stars, either in the nature of the matter of which
they are composed ... at the same time that the number of the clusters may be increased by
the resolution of supposed nebulae, other nebulous objects are revealed, and fantastic
wisps and diffuse patches of light are seen, which it would be assumption to regard as due
in all cases to the united glare of suns still more remote. "
— William Huggins, On the spectra of some of the nebulœ. A supplement to the
paper “On the spectra of some of the fixed stars”, Volume 154, Royal Society, January
1864
The following Chapter is formatted for an anticipated submission as [“CO+, HCO+ Imaging and
Outflows: Mapping NGC 7027 in New Light”, J. Bublitz, J. H. Kastner, Alex Wickham-Piotrowski,
P. Hily-Blant, T. Forveille, M. Santander-García, J. Alcolea, V. Bujarrabal, and David J. Wilner, AAS
Journals, Late 2020]
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High UV and X-ray emission in planetary nebulae results in distinctive chemical pathways that act
as tracers of high-energy interactions. For the very young and well-studied NGC 7027, a significant
molecular envelope is irradiated by a UV-luminous central star and diffuse X-ray emission. This PN
hence offers an excellent subject to investigate the molecular chemistry and physical conditions within
PDRs and XDRs. We have obtained the first interferometric map of irradiation-tracer CO+ in NGC
7027, as well as the most resolved spatial distribution map of HCO+ to date, at ∼2". Comparison of the
gas structure maps of NGC 7072 reveal a clear spatial displacement between the two molecules, with
the regions of greatest HCO+ density along the central waist of the nebula offset from those of CO+
by ∼1 arcsec. CO+ is shown to trace the boundaries of the PDR when overlaid with H2, suggesting
that UV emission is the primary driving force in its formation. We propose HCO+ to be confined
to a region of the molecular envelope spatially more extended than CO+. The deeper placement of
HCO+ towards an XDR is indicative of the X-irradiated chemistry required for its formation. We thus
conclude that separate mechanisms are driving the production of CO+ and HCO+ within NGC 7027.
4.1 Introduction
The molecular envelopes of planetary nebulae (PNe) are expanding regions of gas, ionized and pho-
todissociated by the high-energy irradiation of their central stars (CSPNe). Formation of a dusty shell
begins in the asymptotic giant branch (AGB) phase, where a slow, dense wind identified by its in-
frared emission drives dust and gas from the surface of the star [14, 118]. As the hotter CSPN layers
are revealed in the transition to the post-AGB phase, the star expands to >102 R, where decreas-
ing temperature and a rapid decline in surface gravity in the star’s outer layers leaves material loosely
bound [31]. Radiation pressure likely then imparts momentum onto dust grains that have formed in the
atmosphere to drive them from the stellar surface. As the dust is accelerated outwards, gas is dragged
along to form, or at least enhance, a wind. Pulsations also enable dust formation through variations
in thermal equilibrium, and a buildup of energy from shocks may initiate advection of the atmosphere
into a low velocity flow from the star [119]. Though still poorly understood, core processes in AGB
stars set up strong stellar winds capable of driving substantial mass loss.
Formation of fast stellar winds, in comparison to slower outflows, will typically catch up to the
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previous mass ejections to form a shock front [68]. When the fast wind exceeds 150 km/s, the shock
produces a ‘hot bubble’ of 107−8 K gas that sweeps up the older ejecta to form a dense rim of diffuse
X-ray emitting, compressed gas. Coronal activity in late-type F/K stars or M dwarfs with observed
emission lines have also been found to produce hard X-ray emission. As CSPNe should have little
coronal activity, it has much been theorized that an evolved companion star may be responsible for
observed point-like X-rays seen in PNe [73].
NGC 7027 is one such PN that is both young [1100 yrs; 120, 121] and rapidly evolving. Photo-
metric studies have identified a hot progenitor star of Te f f ∼200 kK that drives photoionization and
photodissociation in the ejected envelope [49, 122]. The CSPN of NGC 7027 emits strongly in the UV
[7710 L; 49], while a Chandra survey determined that NGC 7027 displays the only nearby (within
1.5 kpc) luminous, diffuse X-ray source due to collimated outflows, with a luminosity of LX = 1032
ergs s−1 [68, 36]. Optical and IR observations indicate a carbon-rich nebula [C/O = 2.7; 122], sug-
gesting a progenitor or mass 2–4 M[26]. NGC 7027 hence represents an excellent source to study
the effects of UV- and X-ray-induced chemical processes in molecular gas.
Owing to its close proximity [∼800 pc; 123, 120], NGC 7027 marked the first identification of a
molecule in any PN [CO; 8] and now boasts one of the largest catalogs of observed molecular transi-
tions [e.g., 96, 19, 24, 20, 124]. The diverse and bright emission signatures of atomic and molecular
structures in NGC 7027 have led to multiple radio interferometric imaging expeditions towards HCO+
[125], H2 and CO [67], and 13CO [126], broadly in 2-4′′ resolution. However, since the observations
made between 2004 and 2006 [20, 127, 126], no radio-based mapping of the PN has been published.
NGC 7027 has also been the target of infrequent Hubble Space Telescope observing runs. Latter
et al. [49] established the structure of hot molecular hydrogen and the PDR with near-IR imaging, as
well as refined properties of the CSPN with the then recently launched HST. They further proposed the
presence of off-axis jets that disturb the bipolar outflows. Only recently, a slew of near-IR to far-UV
images have been captured of NGC 7027, taking advantage of the full capabilities of the Wide Field
Camera 3 [128]. These new HST observations thus usher in a renewed focus on the remarkable PN,
NGC 7027, as a compelling specimen for the study of high-energy tracing molecular chemistry with
radio interferometry.
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In this paper, we present interferometric mapping of NGC 7027 in CO+ J = 2→ 1 and HCO+ J =
1 → 0 with the Institut de Radioastronome Millimétrique’s (IRAM) NOrthern Extended Millimeter
Array (NOEMA). Comparison of NOEMA interferometry mapping with optical and near-IR imaging
indicate the likely pathways and radiation drivers of formation for both molecules. Analysis of the
nebula’s velocity structure confirms the presence of multiple fast outflows from the core that disturb
the overall bipolar structure of the nebula and establish a highly complex morphology in NGC 7027.
4.1.1 Molecular Chemistry of Highly Irradiated Environments
Formation of CO+ occurs exclusively in regions of high far-UV or X-ray flux, such as photodissocia-
tion and X-ray dominated regions (PDRs and XDRs, respectively). CO+ is predominantly generated
by reactions between OH and C+. Here, the C+ requires photodissociation and then ionization of a
pool of CO to form, suggesting CO+ resides along PDR transition layers of atomic to molecular gas.
The sole empirical observation that connects CO+ to dense PDR environments is in the star-forming
region Mon R2 [129]. There, it was established that CO+ is cospatial to the PAHs and [Cii] emission
found at the Hi/H2 interface, which indicates that CO+ can only form in dense PDRs with high UV
irradiation. Similar regions also exist in the ejected envelopes of PNe, making them excellent labora-
tories in the search for this highly reactive molecular ion. To date, CO+ has been identified in 7 PNe
[130, 64].
In the case of extreme ionization (>14 eV), CO can also directly form CO+. [35] have shown that
significant X-ray flux directed at CO will boost CO+ abundance through increased generation of C+
and OH. As X-rays penetrate dense molecular clouds more readily than UV photons, they enable CO+
production deeper into PNe and cold clouds. Such high-energy irradiation sources have been noted to
be short lived and thus may only mildly boost CO+ abundances in most nebular regions [131].
Primary destruction paths of CO+ consist of dissociative recombination, as well as reactions with
H2 or with neutral H at intermediate depths [e.g., 131]. Of the possible dissociation products, another
common molecular ion HCO+ is produced.
CO+ + H2/H→ HCO+/HOC+/CO + H (4.1.1)
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Bell et al. [64] found CO+ line intensity to increase weakly in conjunction with that of HCO+, but
are unable to conclusively state that CO+ aids in HCO+ enhancement. If true, we would expect to see
a shared emission environment for HCO+ and CO+.
Alternatively, HCO+ will form at large depths through direct ionization of H2 into H+3 with high
energy X-rays present in young PNe [96]. However, a high photodissociative recombination factor for
H+3 with e
−s limits HCO+ production in PDR environments. HCO+ is then expected to thrive at larger
column densities where enhanced X-ray emission can penetrate. With CO+ formation also dependent
on a source of CO, the latter process could be identified by a lack of cospatial line emission from CO+
and HCO+.
H+3 + CO→ HCO
+ + H2 (4.1.2)
4.2 Observations
Observations of NGC 7027 were carried out at the J = 2 → 1 rotational transition of CO+ (235.380
GHz) and the J = 1→ 0 transition of HCO+ (89.189 GHz) and adjacent continuum with the Plateau de
Bure/NOEMA interferometer in 2017 March-May and 2018 April, respectively. The latter data were
collected as part of a comprehensive 3 mm line imaging survey (Bublitz et al., in prep). All NOEMA
antennae are equipped with dual polarization, heterodyne receivers that provide a bandwidth of 7.722
GHz across the lower and upper sidebands. The wide-band correlator WideX yields a contiguous
bandwidth of 3.6 GHz and channel spacings of 1.95 MHz, for a velocity resolution of 2.48 km s−1
at the CO+ line. Eight antennae were used in the highly sensitive configuration D and an on-source
time of 9.6 hours. Baselines ranged from 24–176 m, with an angular resolution of 1.51′′×1.42′′
(P.A.=−74◦) at 236.1 GHz.
The introduction in late 2017 of an additional antenna and the new wide-band PolyFiX correlator
allowed us to achieve a velocity resolution of 0.5 km s−1 in the 3 mm line survey project. The survey
observations were performed using nine antennae in the intermediate configuration C, for an on-source
time of 7.4 hours. Baselines of 24–704 m achieved an angular resolution of 2.09′′×2.07′′ (P.A. = 62◦)
at 89.0 GHz and S/N of 36.2 sigma.
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Phase and amplitude calibrations utilized 2200+420, J2050+363, and J2120+445. Bandpass cali-
brations were performed with 3C84, 3C454.3, J2120+445, or 2013+370, with MWC349 for absolute
flux calibration (1.08 Jy at 89 GHz, 1.94 Jy at 230 GHz). Pointing and focusing errors of less than
30% were reported during observations. Typical seeing varied day-to-day, with an average of 0.84′′
in project 1 and 0.65′′ in the 3 mm line survey.
Data calibration was performed at the IRAM headquarters in Grenoble, France with the Contin-
uum and Line Interferometer Calibration (CLIC) software package1 on June 6, 2017 and December 18,
2019, respectively. CLIC was developed by the GILDAS working group for calibration of NOEMA
data. A standard calibration script was followed for radiometric corrections, as well as phase, flux, and
amplitude calibration to produce the UV tables. Self calibration was also completed, whereby strong
continuum emission was used to calibrate the adjacent line data. Calibrated and cleaned UV data
tables were written out into continuum maps and molecular line image cubes. High quality velocity
channel maps of the entire nebula have been made in the Band 3 molecular transition of CO+ and the
Band 1 transition of HCO+, respectively (Figure 4.1).
4.3 Results
We have obtained the first interferometric CO+ map of NGC 7027, or any PN ; indeed, to our knowl-
edge, this is only the second CO+ map (the first being that for the Mon R2 region [129]) — and the first
interferometric map of CO+ — obtained for any astrophysical source. Emission from the J = 2 → 1
235.4 GHz CO+ line spans roughly 1–48 km s−1, with a central velocity of VLS R = 24.3 km s−1 (Figure
4.1). The nebula consists of a multi-lobed structure, seen clearly near the systemic velocity and in the
velocity integrated moment 0 image (Figure 4.2). A prominent emission feature is detected along the
waist or minor axis of the nebula (major axis identified along the position angle P.A. = −25◦ (Figure
4.2). This almond-shaped region represents an elliptical ring tilted down towards the line of sight at
an angle of 35◦ [69]. Dusty waists are commonly found in bipolar PNe, as a sufficiently dense torus
of material has been suggested to deflect the winds and drive PN shaping [e.g., 15, 132]. Inside the
northern lobe of NGC 7027, there remains a sizable quantity of molecular CO+ located both towards
1http://www.iram.fr/IRAMFR/GILDAS/
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Figure 4.1: Select channel maps at roughly 2.5 km s−1 of the observed CO+ and HCO+ emission in
NGC 7027. Flux intensity scale is in the lower right. Channel velocity and number are noted for each
frame.
the blueshifted and redshifted faces. Combined NOEMA interferometry and 30m short spacing data
yield a total brightness of 308.6 Jy km s−1 in CO+.
Continuum emission is also presented in Figure 4.3, which consists of an elliptical torus in line
with the PN major axis (or P.A=−30◦). Peak emission occurs to the NE and SW along the waist of
the nebula. Dimensions of the continuum emission are 11.6′′×9.1′′, consistent with that of previous
studies [127, and references therein].
In addition, the 89.6 GHz HCO+ line has been mapped at an unmatched ∼2′′ resolution (Figure
4.2). The gas is observed with a total velocity width of 47.5 km s−1 and central velocity of VLS R = 24.8
km s−1 (Figure 4.1). Channel resolution of 0.5 km s−1 was made possible by the improved PolyFiX
correlator, though observations have been rebinned to 2.5 km s−1 to match CO+. Total intensity
measured in the nebula at HCO+ is 1969.69 Jy km s−1. Emission from HCO+ appears as an extended
shell of gas entirely cleared from the center of the nebula, with a non-axisymmetric dearth of material
along the SE quadrant (Figure 4.2). The familiar lobes of NGC 7027 are present, along with extended
structures seen at high blueshifted and redshifted velocity channels. A line profile of HCO+ intensity
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Figure 4.2: Top: Moment 0 images for CO+ and HCO+ over the full range of channels that display
emission. The beam is represented by a circle in the lower left corner. Bottom: Velocity profile plots
of the total intensity for each molecule. NGC 7027 systemic velocity indicated with dotted line.
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over observed velocity channels exposes a strong emission signal from the near side of the nebula
(∼5–10 km s−1 in Figure 4.2, lower right), as well as a significant drop in intensity that separates it
from the majority of the gas features.
Near the 11 km/s channel of HCO+ (Figure 4.1, right), the low intensity dip is detected with a
brightness of −0.4 Jy compared to the continuum-subtracted baseline. Previous emission line sur-
veys have identified blue-shifted absorption and proposed that a cold obscuring layer of HCO+ gas is
responsible [96, 40]. This marks the first interferometric map of such an absorptive region in NGC
7027, which appears as a ring-like feature cospatial with that of the continuum emission in the nebula



















Figure 4.3: Left: Moment 0 integrated intensity map of the continuum extracted from off-channel
lines in CO+ observations. Center: Contours of the continuum emission from NGC 7027 [0.02,
0.05, 0.07, 0.10, 0.12, 0.14, 0.17 Jy/beam.km/s] overlaid on an integrated CO+ image. Right:
NOEMA continuum emission map of NGC 7027 extracted from CO+ observations. Overlaid con-
tours denote the absorption feature seen from 8.5–13.5 km/s in the velocity averaged image of HCO+
[−0.2,−0.15,−0.10, and − 0.5 Jy/beam.km/s ].
4.4 Analysis and Discussion
A rovibrational emission map of molecular H was created from images in the Hubble Legacy Archive.
The majority of continuum and He i were subtracted using the F190N and F215N filters to isolate
H2, as described in Latter et al. 2000 [49]. The extent of image cleaning is sufficient to ascertain the
structure of molecular gas at the inner surface of the PDR.
We have performed 1-Dimensional cuts along the major (P.A. = −25◦) and minor axes of the NGC
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Figure 4.4: NOEMA molecular map of CO+ overlaid with contours [0.00 2.24 4.48 6.72 8.96 11.20]
in Jy/beam of H2 (left, smoothed to the CO+ beamsize). Molecular map of CO+ overlaid with contours
[0.00 1.49 2.98 4.46 5.95 7.44] in Jy/beam of HCO+ (right).
7027 moment 0 images as described below. The pixel intensity along the cuts in Jy km s−1 beam−1
illustrates the prominence and displacement of the bulk of emitting material along the waist and polar
axes for molecular and continuum emission. Broadly, more gas appears to be present in all molecular
observations along the major axis, from ∼ 0′′ – 5′′ throughout the northern lobe. Intensity peaks at
the caps or edges of those bipolar lobes are also common.
Moment 0 images of CO+ and HCO+ can be found in Figure 4.2, along with their respective
velocity profiles. The continuum emission is detailed and compared with emission and absorption
features in Figure 4.3. Discussion of spatial correlation is derived from (Figure 4.4, left), wherein
CO+ is overlaid with contours of H2 (left) and HCO+ (right). Figure 4.5 identifies how molecular
emission varies along the PN’s major and minor axes. Lastly, Figure 4.6 explains the complex features
identified in the HCO+ velocity map.
4.4.1 CO+
Comparison of the NOEMA CO+ image with that of the cleaned NICMOS H2 image reveals highly
cospatial gas emission, showing that both the molecular and atomic gas trace the multi-lobed, pillow-
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Figure 4.5: NICMOS and NOEMA images of NGC 7027 with nebula major and minor axes marked
in white (left column). Intensity of emission along the axes are plotted on the right, with points of
greatest emission marked by Gaussian fits in red. Offsets of these peaks in arcseconds from the center
of the nebula are displayed in the upper left corner.
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like structure of NGC 7027 (Figure 4.4, left). A prominent torus of material is present along the
equatorial plane, with the brightest sources of emission occurring at the two edges of the region. These
intensity hot-spots also appear in the H2 map occur marginally interior to CO+. Similar emission peaks
occur at the NW and SE ends of the H2 lobes, also coincident with emission in CO+.
A minor axis cut across the H2 map places the brightest peaks at the edges of the waist at 3.3′′ and
−4.24′′ offset from the CSPN, for an average displacement of 3.8′′ (Figure 4.5). In comparison, CO+
displays far narrower emission at ±4.20′′ offsets along the minor axis. This places CO+ an average
of 0.42′′ beyond H2. For comparison, measured CO+ emission along the major axis instead appears
6.4′′, 0.21′′ closer in than H2 at 6.58′′, yet within its ∼0.8′′ FWHM. Overall the CO+ emission appears
to sit just alongside the molecular H and traces much of the same PDR structure (Figure 4.4, left). The
continuum of NGC 7027 extends to 2.85′′ by 3.53′′ radially outward from minor and major axes,
respectively.
As 2.12 µm H2 emission is an excellent UV irradiation tracer [69], so too must the cospatial ion-
ization of H+ and subsequent charge transfer with CO that occurs in the PDR layer be driving the
formation of CO+. Comparable results were found in Mon R2, where CO+ resides at the atomic-
molecular interface of the star-forming region [129]. There they utilized mapping of PAHs and [Cii],
which are present along the H2 region of PDRs and appear spatially coincident with CO+, to demon-
strate that the presence of CO+ is UV-induced. As the first interferometric image of a PN in CO+,
the emission map has enabled a high-confidence placement of the molecule within the nebula and
indicates the primary means of production of CO+ via H+/OH or CO charge transfer.
4.4.2 HCO+
In comparing the HCO+ total intensity map with that of CO+ (Figure 4.4, right), a far different re-
lationship can be seen from that of CO+ and H2. Minimal HCO+ is present along the line of sight
over the central cavity of NGC 7027, with the majority of emission residing 4′′×6′′ beyond the CSPN,
along the minor and major axes, respectively. The bright HCO+ emission sources at the waist appear
5.1′′±0.2 from the nebula center, 0.9′′ offset from those observed in CO+ and 0.8′′ offset at the caps
along the major axis peak.
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The HCO+ gas that is present in NGC 7027 instead follows the complex system of outflows sur-
rounding the PN. Two regions of enhanced emission appear at the edges of the nebular waist along the
minor axis, while more faintly emitting gas trails the outline of CO+ along the N and S components
of the molecular envelope. Additional outflows directed radially outward can be detected in the NW
region of the contours and moment 0 image.
4.4.3 Multipolar Jets Traced by HCO+
The set of features traced by HCO+ gas emission in NGC 7027, but not by CO+, can be linked to the
hole or low emitting region of gas apparent in the E/SE corner of the PN (Figure 4.2) and the series of
radially extended lobes of gas that can be differentiated from that tracing the PDR.
First reported as a series cavities or breakouts in the velocity integrated H2 emission [69], these
were attributed to multiple point-symmetric outflows that have pierced the otherwise conical bipolar
shell that surrounds NGC 7027’s ionized core. Tracing back from the holes suggests three bipolar jets
emanated from the CSPN and broke through the H2 shell at some point in the nebula’s history. The
addition of CO emission maps and the 3D modeling software SHAPE enabled a stratified construct of
the nebular gas through which to identify any perturbations [126]. The refined outflows were identified
at position angles of −53◦, 4◦, and −28◦, with inclinations from the plane of the sky to the line of sight
of 55◦, 35◦, and −25◦, respectively. When compared with the overall inclination of NGC 7027 at 30◦,
the two forward facing jets are aligned both slightly ahead of the expansion pole.
In the NOEMA observations with HCO+, we have identified the presence of three regions asso-
ciated with those outflows (Figure 4.6). When contours of HCO+ are overlaid on the F110W filter
[128], we see the outflows align well with dust emission. Analysis of the velocity channels reveals the
molecular structure of NGC 7027’s multiple jets, as well as their morphology. Contours of blueshifted
gas extend 15–21 km s−1 from the CSPN, while a similar span of redshifted gas emission extends
from the bulk torus of HCO+ in the nebula.
Along the axis labeled Outflow B, we have identified Northern blueshifted and Southern redshifted
emission at P.A. = 6◦ (Figure 4.6). Outflow C lines up well with the major axis of NGC 7027 at P.A. =
−25◦. However, the jet appears perpendicular to the tilt of the nebula with redshifted gas in the North
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4.0-10.0 km/s, 25% contours
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NGC7027_F110W_RedBlue_HCOp
Figure 4.6: Left: WFC3 F110W filter image of NGC 7027 with contour overlays from HCO+ of the 4–
10 km s−1 velocity channels (blueshifted) and 40-46 km s−1 velocity channels (redshifted) expanding
from the central velocity at 25 km s−1. The HCO+ emission traces the fast outflows from CSPN
and their orientation in the sky. Contours with greater transparency represent velocities closer to the
systemic velocity. Right: RGB composite of WFC3 F167N, F110W, and F502N filter [128] overlaid
with lines along position angles of 6◦, −25◦, and −60◦, indicating length and direction of velocity
shift.
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and blueshifted in the South. The primary Outflow A only contains blueshifted HCO+ emission at
P.A. = −60◦ toward the NW corner of the PN, with no emission observed at its antipode. These values
are consistent with those estimated by Nakashima et al. [126] from holes in the H2 shell, to within
a couple of arcseconds, confirming that the punctures in molecular H are caused by these outflows.
An additional small blueshifted component is present at δα, δγ = 2′′, −12′′ from the CSPN, with no
respective redshifted gas in the North. The HCO+ emission may be a part of Outflow C, or could
represent a separate outflow along an altogether different Outflow D.
The presence of displaced HCO+ gas along multiple radial directions is indicative of a rotating,
episodic jet that has broken through the PDR gas of NGC 7027 and has shocked the displaced gas
up to sufficient temperatures to yield X-ray-induced HCO+. Past studies identified radial HCO+ gas
expansion of 17.5 km s−1 [125]. The interaction of the slow moving shell with jets of minimum
velocity ∼400 km s−1 are needed to shock the gas up to temperatures >106 K and produce X-rays
[133], boosting HCO+ emission along the lobes. This is consistent with the wind velocities attributed
to the observed high velocity Brγ emission and 100 year lifetime of Outflow A [69].
The lack of emission in the SE corner of NGC 7027, which would be the redshifted end of Outflow
A, suggests a shock front with sufficient energy to entirely dissociate any HCO+ present. Further
analysis of the kinematics may provide an estimate of the HCO+ outflow length and thus their ages,
given reasonable assumptions regarding the jet velocities.
4.5 Conclusions
The NOEMA interferometry images of NGC 7027 presented in this work mark the first map of any
PN in the ionized molecule CO+, and the highest resolution image of HCO+ to date at 2′′. Kinematics
support a systemic velocity of 25 km s−1 with emission widths of ∼24 km s−1 on either side.
Comparison of the gas structure maps of NGC 7072 reveal a clear spatial displacement between
the two molecules, with the regions of greatest HCO+ density along the central waist of the nebula
offset from those of CO+ by ∼1′′. CO+ is shown to trace the boundaries of the PDR when overlaid
with H2, suggesting that UV emission is the primary driving force in its formation. We believe HCO+
to be confined to a spatially distinct region of the nebula and driven by its own pathways. That HCO+
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is confined further out along the molecular envelope and requires X-irradiated chemistry is indicative
of its formation within the XDR of the PN. We thus conclude that separate mechanisms are driving
the production of CO+ and HCO+ within NGC 7027.
HCO+ emission is also found to trace at least three distinct outflows from the central star at position
angles of 6◦, −25◦, and −60◦, with the possibility of another at -10◦. Their presence indicates that fast
jets radiating from the CSPN shock the gas up to X-ray-producing temperatures, and thus driving
HCO+ creation, in NGC 7027.
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“ I looked into the spectroscope. No spectrum such as I expected! A single bright line
only! At first I suspected some internal displacement of the prism ... then the true
interpretation flashed upon me. The light of the nebula was monochromatic ... the riddle
of the nebulae was solved. The answer, which had come to us in the light itself, read; Not
an aggregation of stars, but a luminous gas. "
— William Huggins, 29 August, 1864
Reported in Moore, S. L. 2007, Journal of the British Astronomical Association, 117, 279
The Helix Nebula has received an immense number of observations and imaging since its discov-
ery. Notable features of the nebular gas are the presence of many, arcsecond-scale dense gas clumps
that remain embedded within and surrounding the hot, ionized bubble. To date, these globules have
been imaged in the UV to IR regimes, as well as sparse pointings in the radio. Only one globule has
received millimeter mapping, in CO.
By targeting a selection of globules to perform broad spectral line imaging on the Helix, we aim
to determine what molecules can reside so close to the central star and what their structure can tell
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us about the physics occurring within. We have obtained the first highly detailed molecular emission
maps with ALMA of the Helix Nebula globules in six molecules and their isotopologues across the
87–270 GHz regime, at 1–2′′ resolution. We report the first detection of HC3N in the Helix globules.
Molecules that have been proposed as irradiation diagnostics, such as CN, HCN, HNC, HCO+, and
C2H, were also found in Globules B and C. Molecular line ratio maps display the variation in chemical
processing inside the globules with depth and distance from CSPN irradiation. Measurement of the
HNC/HCN ratio along each globule reveals no substantial increase, except at the tail where a marginal
rise in HNC/HCN may have been detected, in support of our global Helix study (Chapter 3).
5.1 Introduction
Molecules such as CN, HCN, HNC, HCO+, and C2H have long been proposed as diagnostics to probe
irradiation of molecular gas [96]. Our recent discovery with the IRAM 30 m telescope of the anti-
correlation of HNC/HCN line ratio with PN central star luminosity demonstrates one such key irradi-
ation tracer, and points out the untapped potential of this class of object as a laboratory to establish the
effect of high-energy emission on molecular chemistry. The formation of CN is similarly dependent
on reactions with UV-excited H2 or by the dissociation of HCN [20], both pathways reliant on and
directly connected to UV emission from the central star. Specifically, dissociation of HCN requires
the presence of the molecule in the irradiated gas, which is evidently dependent on the HNC/HCN
correlation. With the complexities of molecular heating and chemical stratification, it is unclear which
is the dominant production path of CN, or whether other mechanisms are driving CN abundance.
Previous work has established the C2H molecule as a strong tracer of irradiated protoplanetary
disks [134, 135]. As C2H is a common dissociation product of more complex hydrocarbons and
organics [136], large abundances of the molecule in cold molecular regions suggests that the species
directly probes irradiation by high-energy stellar photons. The presence of C2H in PNe would provide
a connection from the molecular enhancement in disks to environmental variation across the Helix
Nebula.
Penetration depth also plays a crucial role in the chemical variation of PNe and other similar
cold molecular environments. Where UV photons are readily absorbed by dust and neutral H at the
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surface layers of molecular clouds and dense globules, X-rays can penetrate to larger depths to ionize
molecules with relatively high ionization potentials or tightly bound inner-shell electrons [137]. HCO+
can be formed at large depths where H+3 , a product of X-ray ionization of H2, is abundant [20, 96].
We would therefore expect to see HCO+ act as a tracer of the penetration depth of X-rays into the
globules (see Chapter 3). By comparison, we have identified the variation of HNC/HCN to be at least
partially governed by UV penetration depth. The surface brightness gradients of molecules (at both
J = 1 → 0 and J = 3 → 2 transitions) are thus pivotal to understanding the chemistry and excitation
induced by penetrating UV and X-irradiation.
Due to its utility as a geometrically straightforward and well-defined irradiation medium, NGC
7293 (hereafter the Helix Nebula) has proven to be an ideal target for exploring how radiation-induced
chemistry within PDR environment depends on the central star UV and X-ray radiation field. As
described in Chapter 3, the Helix Nebula consists of a relatively evolved and thus expansive envelope
[11,000 years and extending >12′ in diameter; 138] rich in molecular gas.
The Helix Nebula is comprised predominantly of dense clumps of gas and dust scattered through-
out the ionized and colder photon-dominated zones. These ‘globules’ provide a shielded environment
for molecules to remain present despite the 110 kK, ionizing CSPN [34]. Numerous globules have
been identified throughout the ionized zone and appear to have survived for moderate timescales on
the order of 102−3 yrs [e.g., 74, 139, 140, 141].
Within the tremendous radial span of the Helix, the focus of this work will be on just two of the
thousands of plasma-embedded globules [or ‘cometary knots’; 27, 53] that lie between 1.5–2.3′ from
the central star. Three representative globules were mapped in CO with the ∼12′′ beam of the IRAM
30 m [Figure 5.1 74], while the entire nebula was also fully imaged in CO at 31′′ resolution [Young et
al. 1999].
Only one previous highly resolved, interferometric mapping study has been conducted toward a
globule, during ALMA cycle 2, which targeted the J = 2 → 1 transitions of CO, 13CO, and C18O in
Globule C. Since published, the images demonstrate the extended filamentary structure of the globules
within the Helix [105].
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Figure 5.1: Radio maps of Globule C in CO with increased resolving power over time.
Left: First CO J = 2 → 1 image of Globule C1, as named by Huggins et al. in 1992, taken with the
IRAM 30 m telescope with 12′′ beam [74]. c©AAS. Reproduced with permission.
Center: Followup image toward the same globule in 1999 at the J = 1→ 0 transition of CO, using the
NOEMA interferometer with a Gaussian clean beam of 7.9′′×3.8′′[140]. c©AAS. Reproduced with
permission.
Right: ALMA HCO+ map of Globule C with a beam size of 4.2′′×2.7′′ obtained from this work in
2019.
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5.2 Observations
To maximize emission line detection while also considering possible variation in the chemistry of
the ∼2"x15" pockets of cool gas, two globules were chosen for mm-regime mapping with ALMA;
Globules B and C have been selected from Huggins et al. [74], where they were labeled B and C1. At
94.61′′ from its CSPN, Globule B resides closer to the ionizing source of high-energy radiation than
any other knot of gas [110]. The slightly more distant Globule C (136.0′′ from the CSPN), the target
of the ALMA Cycle 2 observing run [105]), marks the only observation of the Helix Nebula or PN
globule with ALMA, and thus an excellent target for additional imaging.
Observations were carried out over 13 runs between 2019 January and June using ALMA Band
3 and Band 6 setups. The five science goals required imaging of the 90–100 GHz and 248–272 GHz
regimes in both globules, as well as 216–230 GHz in globule B to compliment those carried out on
globule C (see Table 5.1). The C43-4 configuration was used with the Band 3 setup and 43 12 m
ALMA dishes to observe HCN, HCO+, and HNC (1-0), with baselines of 455 m.
The C43-2 configuration of 43 12 m dishes was then used to acquire four Band 6 setups with
baselines up to 360 m to image HCN and C2H, then HCO+ and HNC J = 3→ 2 transitions. The final
Band 6 setup established observations of CO isotopologues towards Globule B that complimented
those from 2013. Maximum baseline was 313 m. Field of view for the 12 m antennae is ∼20′′ at
270 GHz and 24′′ at 220 GHz. Additional observations with 11 ACA 7 m dishes were performed with
baselines up to 48 m in combination with Band 6 to avoid loss of flux at the larger (∼30′′) scales at
high frequencies in the filamentary globules. Field of view with the 7 m antennae is 33′′ and 40′′ for
270 and 220 GHz, respectively.
Preliminary pipeline calibrations and continuum subtraction were performed by ALMA staff with
the software tool CASA (version 5.4.0). After retrieval, we performed a detailed data calibration on
all 13 measurement sets separately at the NRAO Charlottesville Headquarters using CASA [142].
Routine image reduction, continuum subtraction procedures were carried out, and the separate 12m
and ACA 7m data obtained for Band 6 images were merged.
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5.3 Results and Analysis
Across the imaged millimeter regime, detections of six species and their isotopologues were made
towards Globules B and C. HCN, HCO+, and HNC were observed in the J = 1 → 0 and J = 3 → 2
transitions, with the J = 1 → 0 and J = 2 → 1 transitions of C2H detected. The band setups
for molecules HCN and C2H covered their respective suites of hyperfine transitions. The first time
detection of HC3N J = 1→ 0 has been made in these targets. For Globule B, an additional instrument
setup was chosen to observe 12CO, 13CO, C18O J = 2 → 1 to match the observations performed in
Globule C [105]. Each molecule represents a different structure of the globule (Figures 5.2 and 5.2).
A full list of molecular transitions, their rest frequencies, and the detection status in the globules can
be found in Table 5.1. The bandwidths allowed for observation of the additional molecules: SO2,
DCN, DCO+, and H2CO. However, no emission lines were identified toward the globules at these
frequencies (Table 5.1).
Howe et al. 1991 [143] originally posed the theory that UV extinction inside dense clumps such as
the Helix globules could be sufficient to enable the survival of such molecules as HCN and HC3N well
into the PN lifetime. We now affirm that both molecules reside within some of the Helix globules.
5.3.1 Globule B
Meaburn et al. [110] first identified the radial alignment of Globule B, directed away from the CSPN,
and that the line-of-sight gas velocity is more positive than the Helix systemic velocity of –23 km s−1.
Our observations of the HCO+ velocity structure in Globule B range from −17.7 km s−1 to −16.2 km
s−1, in agreement with the outward propagation of molecular gas, extending away from the observer
(Figure 5.4, left). With the kinematics and assumption that the globules are traveling with constant
velocity, it is then possible to estimate the inclination and thus the deprojected length of Globule B,
and perhaps even its age. An extended tail of gas out to −14.4 km s−1 connects Globule B to more
distant globulets.
From the individual molecular maps of Globule B (Figure 5.2), we identify multiple bright sources
within length of the tail. Molecules with weaker emission such as C2H and all J = 3 → 2 transitions
display two to three central peaks in addition to the head of the primary globule. Such features are not
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Figure 5.2: Image stamps of the 12 molecular transitions detected in Globule B. Beam size for each
observation is indicated by a red circle in the lower left corner. Color scale of each image in units of
Jy beam−1 km s−1 is displayed on the right.
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Table 5.1: Observed Positions
Molecule Transition Center Rest Frequency ALMA Globule with
GHz Band Detection
CCH v=0 N=1-0, J=3/2-1/2 87.328585 3 B, C
HCN v=0 J=1-0 88.631601 3 B, C
HCO+ v=0 1-0 89.188526 3 B, C
HNC v=0 J=1-0 90.663564 3 B, C
HC3N v=0 J=11-10 100.076392 3 B, C
SO2 v=0 2(2,0)-3(1,3) 100.878105 3 -
H2CO 6(1,5)-6(1,6) 101.332991 3 -
DCO+ v=0 J=3-2 216.112580 6 -
DCN v=0 J=3-2 217.238530 6 -
C18O 2-1 219.560358 6 B, C not observed
13CO v=0 2-1 220.398684 6 B, C not observed
CO v=0 2-1 230.538000 6 B, C not observed
Continuum 248.0, 250.5 6 -
Continuum 254.0, 256.5 6 -
CCH v=0 N=3-2, J=5/2-3/2 262.064986 6 B, C
HCN v=0 J=3-2 265.886431 6 B, C
HCO+ v=0 3-2 267.557633 6 B, C
HNC v=0 J=3-2 271.981111 6 B, C
seen in Globule C, except for a faint and dispersed brightening pattern at the end of the tail (Figure
5.3). The peaks are suggestive of separate globule clumps, either within the line-of-sight, or attached
through the wispy tails of their funneled gas. Channel maps reveal the contiguous nature of the gas
from head to tail and thus rule out separate emitting gas clumps aligned only along the line-of-sight.
The possibility of multiple globules interlinked by a trail of gas, however, remains a likely scenario to
explain the sporadic emission and the S-shape curve presented in the plane of the sky. Globule B is
thus a cautionary tale about the assumption that these structures comprise one object.
5.3.2 Globule C
Though Globule C has already been the subject of ALMA imaging, the spectroscopic breadth and
sensitivity of our new survey across ALMA bands 3 and 6 has enable many new opportunities to study
its composition and structure. Unlike Globule B, C appears to flow directly North to South along a
radial path from the CSPN (Figure 5.3). The velocity structure ranges from −28.6 to −27.2 km s−1,
slightly redshifted past the systemic velocity. A deeper analysis of the emission across the velocity
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Figure 5.3: Image stamps of the 12 molecular transitions detected in Globule C. Beams and color bar
units are as presented in Figure 5.2.
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Figure 5.4: Globule B and C moment 0 HCO+ images overlaid with contours along 50% peak intensity
for each channel. A gradient of blue to red indicates contour colors from most blueshifted to most
redshifted velocities.
channels reveals the peculiar fact that the full velocity range is present in the tail, rather than along
the length of the globule. The head is centered about −28 km s−1, while the gas at the extreme tail
end spans an additional 0.7 km s−1 outward from the bulk of HCO+ emitting gas (Figure 5.4, right).
Contours suggest that molecular gas is not funneled in behind the head or that the presence of the cool
tail is due to high-energy photon shading by the head. Rather, the tail is spreading out, much like the
flickering of a candle in the wind.
Perhaps the stellar winds are indeed creating a turbulent zone at the back of Globule C. Such
analysis will require a means to measure the presence of turbulence and should provide us with a
better understanding of wind shaping dynamics within PNe.
5.4 Discussion
5.4.1 HNC/HCN Gradient in the Globules
To identify the HNC/HCN ratio gradient along the length of each globule, we first determined local
maxima in the 13CO intensity map. The use of 13CO ensures a smooth transition radially outward
from the CSPN and follows the center of mass of the globule to account for any non-linearity in struc-
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Figure 5.5: Integrated line intensity ratio of 12CO to 13CO and HNC to HCN for Globule B. Regions


























































































































Figure 5.6: Integrated line intensity ratio of 12CO to 13CO and HNC to HCN for Globule C. Regions
are scaled from low ratio (purple) to high (green).
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Figure 5.7: Ratio plots of HNC/HCN along the length of Globules B and C. Red points mark local
maxima identified in the 13CO molecular gas, while a second order spline (orange line) was fit to
those points (see Section 5.4.1 for a more detailed explanation on the use of 13CO). The strength of
the HNC/HCN ratio image (figure inset, top left) perpendicular to every point along the computed
spline is then averaged to produce the blue dashed line.
ture. Emission from nearby gas clumps are also observed in many molecular lines, but 13CO presents
sufficiently clean emission to avoid accidental detection of other sources. The footprint of each 2×2
pixel area is compared with the eight neighboring regions to identify any increase in intensity. A sec-
ond order spline fit was then created along the points identified as maxima, to follow the curve of the
globule that might otherwise deviate from a linear path. The distance from the observed center of each
globule to every point along the spline is computed and compared with the pixel intensity at that point
(Figure 5.7, orange line). Lastly, due to the subtle curvature of the globules, lines perpendicular to the
spline are established and the mean emission from pixels along those lines are calculated to determine
the average HNC/HCN intensity ratio from head to tail (Figure 5.7, blue dashed line).
The resulting mean emission curves for Globules B and C bear strong similarity with those of the
central spline fits, indicating that variation in HNC/HCN perpendicular to the radial direction does not
deviate greatly compared to the ratio with respect to CSPN distance. Most striking in the curve fits
are the lack of substantial trend of increasing HNC/HCN along the length of the globules. A rise in
the ratio towards the tail is noted, where mean ratio values of 0.62 and 0.60 exist across the majority
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Table 5.2: Molecular Line Ratios from Single-Dish and ALMA
Molecular Globule Ba Globule B Globule Ca Globule C
Ratio IRAM 30 m ALMA IRAM 30 m ALMA
13CO/12CO 0.26±0.07 0.18 0.23±0.05 0.24b
HNC/HCN 0.64±0.06 0.62 0.48±0.04 0.60
HCO+/HCN 0.81±0.07 0.93 0.51±0.05 0.71
a Bublitz et al. 2020, in prep. (see Chapter 3)
b From Andriantsaralaza et al. 2019 [105]
of Globules B and C, respectively, roughly doubling in the final arcsecond at the tail. Globule C also
demonstrates a significant dip to 0.33 just beyond the globule ‘head’ at −2.1′′ in declination from the
globule center. These features broadly resemble the curves of the Meudon PDR code that modeled
Globule B (Chapter 3), as an increase in HNC/HCN is observed between a position in proximity to
the CSPN and a position more distant.
The sharp incline at the tail (seen clearly in green along the globule edges in Figures 5.5 and 5.6),
however, points toward edge effects from the molecular line ratio as enhancing the intensity and thus
the significance of the curves. If so, the true variation in HCN and HNC does not follow the ‘J’-like
shape observed, but rather suggests that the gasses are distributed near-uniformly relative to each other.
A more comprehensive analysis is required to determine the validity HNC/HCN in the globules.
5.5 Conclusion
The utility of the HNC/HCN ratio as a PDR gas probe has been a point of discussion for many years
[81, 82, 98, 40]. With the study of cold, molecule-rich regions in the Helix Nebula and the HNC/HCN
integrated line intensity ratio found to correlate with distance from the CSPN (Chapter 3), we have
continued to explore the extent of irradiation-driven chemistry in PNe.
Our ALMA spectral line survey towards Globules B and C in the Helix Nebula have produced high
resolution (1–2′′) images of six molecular species and their isotopologues. In addition to mapping
HCN and HNC, we note the first detection of HC3N in two of the PN’s numerous globules, first
proposed to exist by Howe et al. [143]. Comparable images to those of Globule C in CO, 13CO, C18O
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[105] have also been acquired. The presence of CO, as well as C2H, provide molecular mass and
chemistry tools for future globule studies.
Contour maps of HCO+ reveal the velocity structure in each globule with 0.47 km s−1 velocity
resolution, enabling kinematic analysis of the gas that may indicate how a globule evolves. The
structures establish that neither globule is well-represented by a simple cylinder. Rather, Globule B
may consist of two or more dense clumps connected by a filamentary tail of wind-swept gas. The
material in the tail end of Globule C has been found to contain the bulk of the gas [105], and now is
shown to expand from the central velocity with a width of ≥1.4 km s−1.
Computation of the molecular line ratio HNC/HCN reveals no strong correlation with distance
from the Helix central star. Though the ratio was found to increase from the inner globules towards
the outer edge of the molecular envelope (Chapter 3), the gas within an individual globule does not
display such a gradient. Rather, HNC/HCN remains steady throughout the length of the globules at a
value of ∼0.6, with a significant jump to 1.2–1.4 within the final 1′′ of the tail. While it is unclear if
this is the result of imaging edge effects, we do not find that this variation is related to the HNC/HCN
ratio trend.
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Summary and Outlook
“There are worlds out there where the sky is burning, and the sea’s asleep, and the rivers
dream; people made of smoke and cities made of song. Somewhere there’s danger,
somewhere there’s injustice, and somewhere else the tea’s getting cold. Come on, Ace.
We’ve got work to do."
— The Doctor, 6 December 1989, Survival
6.1 Summary of Research
Planetary nebulae serve as key examples of the role that stars play in chemical enrichment of the
ISM. During their lifecycle, PNe demonstrate plasma physics inside highly ionized bubbles and of-
ten undergo shock processes due to their fast stellar winds. They also provide a medium in which
molecules can survive the high-energy irradiation of their dying stellar cores and carry on to provide
building blocks for future solar systems. The relatively straightforward geometry and resolved struc-
ture of nearby PNe present a means to study other similar systems, such as PDRs, cold cloud cores,
protoplanetary disks, etc.
In Chapter 2, we described a spectroscopic survey of nine nearby PNe with the sing-dish IRAM
30 m radio telescope. Detections were made in the 3 mm to 1 mm regimes across nine molecu-
lar species. The observations provided new detections of molecules in four objects: NGC 6445,
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BD+30◦3639, NGC 6853, and NGC 6772, while providing upper limits in the other PNe. Compari-
son of the PN UV luminosity with the HNC/HCN integrated line intensity ratio of our sources revealed
a surprisingly robust anticorrelation. These findings indicate that isomer molecules HCN and HNC
are sensitive to high-energy irradiation and, with a better understanding of the reaction process, can
be used as a diagnostic for gas properties.
Continuing from the results the HNC/HCN ratio, we sought to determine what role heating and/or
photodissociation has on the molecular chemistry of PNe with a targeted 30 m and APEX study of
the expansive NGC 7293 (Helix Nebula) in Chapter 3. The Helix provides a wide range of PDR
environments, from the dense globules embedded in the ionized gas 1.5-2.5′ from the central star,
to the extended plumes of the nebula’s earlier mass ejections at distances of 7.5′. Our sample of
six positions spanned the full extent of the Helix in order to identify how regions with a gradient of
UV flux values affected the formation of HCN and HNC. Our results support those of Bublitz et al.
[40] and, with the enhancement of PNe from the literature, demonstrate the decline in HNC/HCN
with increasing UV flux. PDR models based on this data indicate constraints on gas density and
temperature, while also suggesting that UV dissociation alone cannot reproduce the observed trend.
Instead, more distant gas must decrease in density and pressure to yield greater HNC/HCN.
Another nebula which permits focus on two molecular species is NGC 7027 (Chapter 4). We
have performed the first interferometric mapping of CO+ in a PN, and the second known in any
astrophysical object, as well HCO+ in <2′′ resolution with NOEMA. These images allow us to trace
the role of UV and X-rays in the chemistry of CO+ and HCO+. Comparison of CO+ with archival
H2 reveals highly cospatial emission, indicative of UV-induced formation of both molecules. HCO+
displays an altogether different, more extended emission structure ∼1′′ outside that of CO+. Analysis
of the velocity structure in HCO+ reveals the structure of at least three outflows from the central star
in which fast winds have expelled gas from the primary bi-lobed region and induced shock fronts. It
is thus likely that X-rays, particularly those caused by shocks, are driving HCO+ formation.
Lastly, Chapter 5 presents the initial results from an extensive ALMA 1 mm to 3 mm survey of
two globule features in the Helix Nebula. In the first 2′′ resolution maps of the globules, we detected
molecules of eight species across three ionization states. New detections of HC3N are included in
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these results. Calculations of the HNC/HCN ratio radially along each globule reveal no substantial
increase in the ratio with increasing distance from the CSPN, as was measured globally in the Helix
(Chapter 3).
6.2 Extensions of Current Research
6.2.1 Further Molecular Analysis of the Helix Globules with ALMA
In addition to the molecular analysis performed in Chapter 5, we observed multiple species towards
Globules B and C for which additional analysis will be performed. Our goal is to analyze the spatial
structure and intensity of C2H, C18O, HCO+, and HC3N in a similar manner to the work carried out
on HNC/HCN, CO, and 13CO data.
Future analysis of the globule structure will consist of optical depth calculations from the detected
molecules, as well as comparison of CO optical depths in Globule B with those determined for Globule
C [105]. Our HCN J = 1 → 0 and CN setups cover their suites of hyperfine transitions, facilitating
line opacity analyses at greater resolution than those in Chapter 3 and akin to the work done by
Andriansaralaza et al. [105].
With the detection of 12CO and 13CO in both regions, we can perform temperature and mass esti-
mates of the gas to determine variation in globule structure. C2H will provide a temperature diagnostic
that may yield additional constraints on the drivers of HNC and HCN reactions in PDR environments
[98]. Further paths of research with detected molecules in the Helix are discussed in the following
section toward NGC 7027.
Finally, analysis of additional globulets detected in the full images provide an entirely new set of
features in which to explore the above interplays between molecular chemistry and CSPN high-energy
irradiation. A subset of the detections are visible in Figure 5.4.
6.2.2 A More Comprehensive Mapping of NGC 7027 with NOEMA
After the success of our NGC 7027 mapping campaign of molecules CO+ and HCO+ with the NOEMA
interferometer, we have continued to pursue additional key tracers of the complex PDR/XDR chem-
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istry expected in the PN’s hostile radiation environments. PNe like NGC 7027 also present the oppor-
tunity to understand the formation pathways of simple hydrocarbons and CN-bearing species, such as
C2H, HC3N, CH3CN, and CN itself [144, 145]. The study of these molecules are a necessary step
toward establishing the origins of more complex, astrobiologically important molecules such as C-
chain molecules, PAHs, and fullerenes [e.g., 146]. The CN radical is widely believed to be generated
via direct UV dissociation of HCN. However, in some environments — e.g., protoplanetary disks —
reactions involving UV-excited H2 may dominate CN production [147]. To discriminate between the
processes that might enhance CN, it is essential to establish its distribution relative to HCN.
We have now successfully obtained high sensitivity maps of NGC 7027 at 2′′ resolution across the
frequency ranges 93.5–99 GHz and 108–115.5 GHz, specifically including the high-energy radiation
diagnostic molecules N2H+ and CN. N2H+ will allow us to ascertain whether its surface brightness
distribution traces that of CO+ (and H2) or more closely follows that of HCO+ (and thus X-rays).
A detailed distribution map of CN with respect to HCN will serve as a robust test of the hypothesis
that HCN dissociation is the primary production route for CN in PNe and by extension other PDR
environments. Our spectral coverage includes C18O and C17O so as to constrain variations in the
nebular 17O/18O isotopic ratio, which is a recently established diagnostic of AGB progenitor star mass
[148].
6.2.3 Comprehensive Imaging Surveys of NGC 7027, NGC 6320 with HST
One research opportunity that does not directly utilize radio data is the recent set of observations of
two extremely young and rapidly evolving PNe with the Hubble Space Telescope. In 2019, we were
awarded time with the Wide Field Camera 3 to observe NGC 7027 and NGC 6302 (the Butterfly
Nebula), which mark the first comprehensive NUV-to-NIR HST emission-line studies to probe the
entirety of their respective PN envelopes [Figure 6.1, 128]. Emission-line images across twelve filters
will provide tests regarding the reach of photoionization from the central star, as well as distinguish
between shock and photoionization effects. Near-UV observations of [Ne IV] and [Ne V] will provide
a means to test whether photoionization or heat conduction is ionizing the gas, while Hα, [O iii], Hβ,
[S ii] allow us to distinguish regions of the nebula in the optical regime which trace photoionization
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and those that trace shocks. Note, for example, how the 500.7 nm [O iii] line image highlights the
contrasts between bipolar lobes/elliptical shell and the concentric circular ring system that surrounds
it (Figure 6.2, right). In near-IR, Paβ, [Fe ii] will also trace shocks and imaging of scattered light off
dust can be performed with the ‘J’, ‘H’ band continuum from the F110W, F160W filters.
Figure 6.1: RGB image overlays of NGC 7027 and NGC 6302 from a recent HST/WFC3 survey
across the near-IR to near-UV [128]. Filter labels and emission line indicated for each image.
6.2.4 SMA Observations of NGC 7027
Ring-like features appear around young PNe and related objects as a series of concentric circular shells
in the neutral material that surround the primary nebula (Figure 6.2). From a survey of ∼650 PNe and
pre-PN, 8% were found to display ring- or arc-like structures around their nebular envelopes [149],
including NGC 7027 [150]. Ring features have been observed in reflection from dust illuminated by
central star emission, detected predominantly in the visual band via Hα, [O iii], and [N ii] [151, 149].
The halos of illuminated gas and dust are generally attributed to enhanced, possibly episodic, mass-
loss over periods of a few thousand years in the AGB phase [152, 149]. However, the exact formation
mechanism has been much debated, as thermal pulses and AGB pulsations occur on too long or too
short timescales, respectively.
Indeed, rings and spirals around other late-stage stellar objects appear not only in optical reflection,
6.2. Extensions of Current Research 131
Chapter 6. Summary and Outlook
but are also detected in transitions of CO from cooling molecular gas not yet irradiated by the dying
star. In the case of the C-rich AGB star (C-star) R Sculptoris, a spiral structure of detached shells of
material is seen in CO (J = 3→2) with ALMA [152]. Such a spiral structure is indicative of a binary
companion, wherein a period of increased mass-loss (perhaps during a thermal pulse) has been shaped
by perturbations of the companion star. The extreme, pulsating C-star IRC +10216 exhibits patchy,
but nearly spherical shells in both the optical and mm regimes. 12CO and 13CO (J = 2 →1) maps
with the IRAM 30 m telescope reveal distinct shells at more than seven separate radii (Figure 6.2,
left) [153]. The even spacing of the rings in IRC +10216 indicate mass loss has not in fact decreased
over the past thousands of years, contrary to previous studies. Although no concentric shell generation
mechanism has been identified, the CO structures have been modeled in terms of mass loss rate and
even putative companion mass and orbit [153].
We have now begun to explore the extended structure in the young and rapidly evolving NGC
7027, where our recent HST/WFC3 survey has detected the concentric rings in the 500.7 nm [O
iii] line image (Figure 6.2, right). This discovery has prompted us to acquire a high-resolution SMA
mosaic and extensive 1.3 mm spectral line survey of NGC 7027, so as to better constrain the dynamical
structure and formation processes behind the rings.
Our request to perform a 7-point hexagonal mosaics of NGC 7027 at 230 GHz has recently (2020
June) been carried out using a full track in each of the compact and extended configurations. The
observations span the 44 GHz bandwidth available with the SMA, covering a host of molecular and
atomic recombination lines from 209–250 GHz, including the four most abundant CO isotopologues
(12CO, 13CO, C18O, C17O) and key tracers of radiation driven chemistry in C-rich PNe such as CN,
C3H2, and HC3N. The setup will result in a beam size of 1.0–2.0′′ (depending on visibility weighting)
over nearly the full extent of the CO emission seen with the IRAM 30m telescope. For context,
previous SMA observations [2010; 126] (using 6 antennas in a compact configuration) missed ∼ 80%
of the single dish CO 2–1 line flux, which they attribute to an “extended spherical envelope". The
SMA single pointing subcompact CO 3–2 observation (Patel 2019, private comm.) has about the
same sensitivity to extended structure and also misses this component (Figure 6.2, center).
Comparison of high resolution SMA imaging of molecular lines in NGC 7027 with our ∼2′′
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Figure 6.2: Left: IRAM 30m map of 12CO in AGB star IRC +10216, with 13CO contours in black
[from Cernicharo et al.; 153, Reproduced with permission from A&A.]. Though the center is unre-
solved by the 11′′ beam, many concentric rings can be seen more than 100′′ away. Center: SMA
345GHz band image of NGC 7027 in the CO J=3→2 transition, via single pointing (Patel, private
comm.). Note the fingers extending from the central envelope that correspond to protruding lobe fea-
tures seen in the optical. Right: HST WFC3 image of [O iii] emission from NGC 7027, in log-scale to
highlight the ring-like features that surround the molecular envelope [128]. Coupling these observa-
tions with SMA results will allow us to obtain proper kinematics of the molecular gas in complement
to the HST/WFC3 survey.
resolution NOEMA maps, as well as with our recent HST UV/optical/IR images [128], archival HST
images [e.g., Brγ and H2; 49], SOFIA mid-IR imaging [PAHs; 154], and Chandra images [155], will
provide much-needed constraints on models describing the effects of irradiation of molecular gas by
high-energy photons [e.g., 156, 131, 85].
Our newly obtained HST/WFC3 images of NGC 7027, a C-rich PN and likely descendant of a
C-star, includes the deepest image yet of its ring systems, and demonstrates the complex nature of
rings that remain well past the AGB phase (Figure 6.2, right). PNe like NGC 7027 thus offer the
opportunity to identify the origins of such shell features found in a number of prePNe and PNe by
probing their gas mass and chemistry with established tracers of molecular gas properties, such as
CO. Identifying these structures is a necessary step towards understanding both the origin and fate of
mass ejected during the AGB phase.
These observations will also probe the dynamics and temperature structure of the key interface
region where NGC 7027’s recent, fast, collimated flows are actively disrupting its previously ejected
dusty ring structures. In parallel, we will exploit the SMA’s wide bandwidth to conduct a line survey
of this extended molecular envelope, so as to establish its chemical inventory.
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6.3 Future Research
6.3.1 Exploring Irradiation Tracers in Additional PNe
The recent results of irradiation tracers from observations of HNC/HCN and CO+/HCO+ are still
in their infancy. I have only just scratched the surface concerning how UV and X-rays drive the
production (and perhaps, destruction) of key molecular species in PNe. I will seek to further expand
and capitalize on my focused observations of the Helix Nebula and NGC 7027 by exploring the effects
of other nebular variables on the molecular chemistry that is potentially influenced by UV and X-ray
irradiation.
Both the Helix and NGC 7027 are examples of carbon-rich PNe, wherein a C/O ratio >1 is ob-
served in the circumstellar envelope. Determination of C and O content in PNe derives from the
fusion processes in late-stage stellar evolution, prior to mass loss. I will expand my sample of target
nebulae to obtain a more diverse set of PNe with a broad range of ages, morphologies, and C- and
O-rich chemistries (both the Helix and NGC 7027 are C-rich). With the SMA telescope, I can per-
form complete line map surveys of large nearby, molecule-rich PNe, such as the Dumbbell and Ring
Nebulae (both O-rich, [157, 158]), with which to augment my current understanding of the variation
and evolution of HCN, HCO+, HNC, and CO+ across a host of PN photodissociation regions. The
capabilities of smaller but state-of-the-art interferometers, like the SMA, would enable me to obtain
2-3′′ resolution interferometry maps at high frequency molecular transitions (CO J = 2 → 1; HCN,
HNC, HCO+ J = 3→ 2) and even the 492 GHz C i atomic line, which has yet to be obtained for these
sources, which are ∼100′′ in diameter. Complete maps in HNC and HCN will inform on the shielding
properties of the molecular gas. The C i line, in conjunction with CO mapping, can constrain the
carbon mass and how it compares to additional C-rich sources.
Similar usage of the Green Bank Telescope’s high sensitivity across the 2–3mm regime, can be
used to target a new and unbiased sample of PNe in transitions of HCN and HNC (at 89 and 90 GHz,
respectively) and other irradiation tracing molecules at the higher frequency range of its instruments.
With a beam size of∼8′′ at 90 GHz, the GBT would also provide complimentary zero-spacing data for
PNe mapped with the SMA, as was done with the 30 m telescope in support of our NOEMA 3 mm
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line survey of NGC 7027.
6.3.2 Mapping O-Rich NGC 6302 with ALMA
Furthermore, I aim to utilize ALMA to study the extremely bipolar PN, NGC 6302 (the Butterfly
Nebula). This young object is located in the southern hemisphere, where it is ideal for study by
ALMA and has been well-studied at UV through IR wavelengths [159], as well as radio CO (Figure
6.3) [160, 38, 161]. HST recently carried out observations of NGC 6302 across twelve filters from the
near-IR to the near-UV [128]. Thus far, however, only two molecular line studies of NGC 6302 have
been published. A large-beam Herschel spectroscopic survey detected 12CO, 13CO, H2O, NH3, OH,
H218O, HCN, and SiO in the fast bipolar outflows [160]. Analysis of the high-velocity gas indicates
T ∼ 40K and n ∼ 105cm−3. [38] previously observed the J = 3 − 2 transitions of 12CO and 13CO
emission from this PN with ALMA, yielding the detailed structure of NGC 6302’s dense molecular
torus and the radiating lobe fragments at the waist of the nebula. Velocity measurements of the main
ring suggest the presence of shocks accelerating the molecular gas and destroying CO present along
the inner edge. The ALMA data also revealed an inner ring structure much younger and ∼100x less
massive than the outer ring.
NGC 6302, much like NGC 7027, is a young PN with a high Te f f central star (220 and 175 kK,
respectively [38, 36]). Both PNe have been shown to be molecule-rich, with dense equatorial regions
and well-defined polar lobes, though far less is known about the molecular chemistry of NGC 6302
than 7027, which has been the subject of numerous molecular line surveys [19, 20, 61, 40]. NGC
7027 provided an extreme (high UV flux, low HNC/HCN) sample, representing an isolated point in
our HNC/HCN line study. Similar observations of NGC 6302, whose central star rivals NGC 7027’s
in terms of UV flux, are hence an essential next step in understanding which mechanisms determine
the HNC/HCN ratio in molecular gas by contrasting an O-rich PN with one whose C-rich gas has
been extensively studied. NGC 6302 also is undetected in X-rays, whereas NGC 7027 is a luminous
X-ray source, providing a stark contrast for purposes of understanding HCO+ and CO+ production in
PDRs/XDRs.
While ALMA has produced several CO maps of post-AGB/PN sources [162, 163, 164], precious
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Figure 6.3: Left: The the central torus of NGC 6302 imaged with HST/WFPC2 F673N. Right: Con-
tours of the integrated 12CO J = 3 → 2 emission in the -40.4 to -30.4 km s−1 (cyan) blueshifted gas
and the -30.4 to -20.4 km s−1(magenta) redshifted gas, with a threshold of 0.1 Jy beam−1. Contours
begin at 1 Jy km s−1, increasing by a factor of
√
3 each step. Two rings are present in the figure, the
main ring about the stellar plane vertically, and the other along the northwest to southeast direction.
Figure published in [38]. Reproduced with permission from A&A.
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few targeted molecular chemistry studies have been performed. Sanchez-Contreras et al. [165] is the
most relevant, with observations of the bipolar outflow of O-rich pre-planetary nebula (pPN) candidate
OH 231.8+4.2 that identified compact structures within the outflows via mapping in transitions of
12CO, 13CO, CS, SO, SO2, OCS, SiO, SiS, and H3O+, and first-time detections of Na37Cl and CH3OH.
The S-bearing molecules of SO and SO2, as well as other high transition molecules, point to the
power of ALMA at observing and mapping the molecular content of PNe. By studying the similarly
O-rich but UV-luminous NGC 6302, we can understand whether and how this PN represents the next
evolutionary phase of objects like the bipolar nebula OH 231.8+4.2.
I believe much more can be learned regarding the PN structure and variation due to NGC 6302’s
unique chemistry by studying this object. A targeted series of line observations covering a range of
molecular transitions (CO+, C17O, C18O, HCN, HCO+, HNC, SO, SO2, SiO, H13CO+, H13CN, and
H recombination line) will provide the information necessary to establish the role that UV and X-ray
emission plays in the ionization and dissociation of molecular gas in PDRs and XDRs, as well as
facilitate comparison with results from OH 231.8+4.2, so as to provide potential pPN-to-PN evolution
links [165].
6.3.3 Mapping the Entire Helix Nebula with GBO, SMA, and ALMA
My recent work has focused on the highly evolved, nearby Helix Nebula. Its expansive 15-25′ diame-
ter molecule-rich envelope and luminous, hot (Te f f =100 kK) central star provide an excellent testbed
for theories of UV heating of the gas. Thus far, my observations of this object have been limited to
single-dish line data toward six carefully selected positions with IRAM/APEX (Chapter 3) and tar-
geted ALMA interferometry mapping of two dense, molecule-rich globules within the ionized region
∼2′ from the central star (Chapter 5. This limited scope was dictated by observing time considerations
in light of the remarkable angular size of the molecular envelope, with the smallest-scale globular
knots on the order of 2′′×20′′. Nevertheless, there is much more to be learned from the Helix Nebula
and these observations provided the crucial first steps to testing the utility of the Helix molecular gas
as a photodissociation region laboratory.
A focus on isotope analysis (HC14N, HC15N) could shed light on the origin of the globules [166,
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167], which has been hotly debated by experts in the field [110, 103, 168]. Nitrogen isotope analysis
is a complicated and tricky subject for PNe that have undergone CNO-cycle reprocessing. However,
isotope ratios have been collected for proto-PNe using the SMA [144] and application of the same
approach to the Helix globules would expand our understanding on not only the formation processes of
the nebula, but the way in which PN mass-ejection shapes the composition of the interstellar medium.
Moving forward, it is imperative to explore the full potential of the molecular plumes and rings
that comprise the full Helix envelope. The ARGUS instrument on the Green Bank Telescope (GBT)
is capable of 8′′ resolution imaging from 80–116 GHz. Meanwhile, the 1-3′′ molecular line imaging
and exceptionally wide bandwidth available with the Submillimeter Array (SMA) proves ideal for
completing full maps of a broad array of molecules within the Helix’s extended envelope. Such
spatially complete molecular line mapping of the Helix has not be performed since [75] with the
Caltech Submillimeter Observatory in 1999, and that study only mapped CO. ALMA would then
provide the ultimate spatial and spectral mapping, with 2–0.02′′ spatial resolution available depending
on the array configuration, from most compact (160 m) to most extended (16 km), respectively. The
200–400 GHz regime is home to many high-J transitions of species identified at lower frequencies in
my Helix survey (e.g., HCO+, CO, HCN, HNC, CO+), several of which are tracers of high-energy
irradiation. By simultaneously targeting a large number of molecular lines with the SMA or GBO, it
would be feasible to completely image the nebula to explore its structural chemistry beyond CO and
the select molecular globules embedded within the ionized region that I have explored thus far.
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